
Edited by  

Viskam Wijewardana, Giovanni Cattoli and Sebastian Ulbert

Published in

Frontiers in Immunology

Frontiers in Veterinary Science

Irradiation technologies 
for vaccine development

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/research-topics/19316/irradiation-technologies-for-vaccine-development#overview
https://www.frontiersin.org/research-topics/19316/irradiation-technologies-for-vaccine-development#overview
https://www.frontiersin.org/journals/veterinary-science


February 2023

Frontiers in Immunology 1 frontiersin.org

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is 

a pioneering approach to the world of academia, radically improving the way 

scholarly research is managed. The grand vision of Frontiers is a world where 

all people have an equal opportunity to seek, share and generate knowledge. 

Frontiers provides immediate and permanent online open access to all its 

publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-

access, online journals, promising a paradigm shift from the current review, 

selection and dissemination processes in academic publishing. All Frontiers 

journals are driven by researchers for researchers; therefore, they constitute 

a service to the scholarly community. At the same time, the Frontiers journal 

series operates on a revolutionary invention, the tiered publishing system, 

initially addressing specific communities of scholars, and gradually climbing 

up to broader public understanding, thus serving the interests of the lay 

society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely 

collaborative interactions between authors and review editors, who include 

some of the world’s best academicians. Research must be certified by peers 

before entering a stream of knowledge that may eventually reach the public 

- and shape society; therefore, Frontiers only applies the most rigorous 

and unbiased reviews. Frontiers revolutionizes research publishing by freely 

delivering the most outstanding research, evaluated with no bias from both 

the academic and social point of view. By applying the most advanced 

information technologies, Frontiers is catapulting scholarly publishing into  

a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers 

journals series: they are collections of at least ten articles, all centered  

on a particular subject. With their unique mix of varied contributions from  

Original Research to Review Articles, Frontiers Research Topics unify the 

most influential researchers, the latest key findings and historical advances  

in a hot research area.

Find out more on how to host your own Frontiers Research Topic or 

contribute to one as an author by contacting the Frontiers editorial office: 

frontiersin.org/about/contact

FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual 
articles in this ebook is the property 
of their respective authors or their 
respective institutions or funders.
The copyright in graphics and images 
within each article may be subject 
to copyright of other parties. In both 
cases this is subject to a license 
granted to Frontiers. 

The compilation of articles constituting 
this ebook is the property of Frontiers. 

Each article within this ebook, and the 
ebook itself, are published under the 
most recent version of the Creative 
Commons CC-BY licence. The version 
current at the date of publication of 
this ebook is CC-BY 4.0. If the CC-BY 
licence is updated, the licence granted 
by Frontiers is automatically updated 
to the new version. 

When exercising any right under  
the CC-BY licence, Frontiers must be 
attributed as the original publisher  
of the article or ebook, as applicable. 

Authors have the responsibility of 
ensuring that any graphics or other 
materials which are the property of 
others may be included in the CC-BY 
licence, but this should be checked 
before relying on the CC-BY licence 
to reproduce those materials. Any 
copyright notices relating to those 
materials must be complied with. 

Copyright and source 
acknowledgement notices may not  
be removed and must be displayed 
in any copy, derivative work or partial 
copy which includes the elements  
in question. 

All copyright, and all rights therein,  
are protected by national and 
international copyright laws. The 
above represents a summary only. 
For further information please read 
Frontiers’ Conditions for Website Use 
and Copyright Statement, and the 
applicable CC-BY licence.

ISSN 1664-8714 
ISBN 978-2-83251-547-1 
DOI 10.3389/978-2-83251-547-1

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/about/contact
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


February 2023

Frontiers in Immunology 2 frontiersin.org

Irradiation technologies for 
vaccine development

Topic editors

Viskam Wijewardana — International Atomic Energy Agency, Austria

Giovanni Cattoli — Joint FAO/IAEA Programme of Nuclear Techniques in Food and 

Agriculture, Austria

Sebastian Ulbert — Fraunhofer Institute for Cell Therapy and Immunology (IZI), 

Germany

Citation

Wijewardana, V., Cattoli, G., Ulbert, S., eds. (2023). Irradiation technologies for 

vaccine development. Lausanne: Frontiers Media SA. 

doi: 10.3389/978-2-83251-547-1

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
http://doi.org/10.3389/978-2-83251-547-1


February 2023

Frontiers in Immunology 3 frontiersin.org

05 Editorial: Irradiation technologies for vaccine development
Viskam Wijewardana, Sebastian Ulbert and Giovanni Cattoli

08 Radiation-Inactivated S. gallinarum Vaccine Provides a High 
Protective Immune Response by Activating Both Humoral 
and Cellular Immunity
Hyun Jung Ji, Eui-Baek Byun, Fengjia Chen, Ki Bum Ahn, 
Ho Kyoung Jung, Seung Hyun Han, Jae Hyang Lim, Yongkwan Won, 
Ja Young Moon, Jin Hur and Ho Seong Seo

22 Enhanced Immunogenicity of a Whole-Inactivated Influenza 
A Virus Vaccine Using Optimised Irradiation Conditions
Eve Victoria Singleton, Chloe Jayne Gates, Shannon Christa David, 
Timothy Raymond Hirst, Justin Bryan Davies and 
Mohammed Alsharifi

34 Gamma-Irradiated Fowl Cholera Mucosal Vaccine: Potential 
Vaccine Candidate for Safe and Effective Immunization of 
Chicken Against Fowl Cholera
Bereket Dessalegn, Molalegne Bitew, Destaw Asfaw, Esraa Khojaly, 
Saddam Mohammed Ibrahim, Takele Abayneh, Esayas Gelaye, 
Hermann Unger and Viskam Wijewardana

45 Ionizing Radiation Technologies for Vaccine Development - A 
Mini Review
Sohini S. Bhatia and Suresh D. Pillai

54 A First for Human Vaccinology: GMP Compliant Radiation 
Attenuation of Plasmodium falciparum Sporozoites for 
Production of a Vaccine Against Malaria
Eric R. James, Steve Matheny, James Overby, B. Kim Lee Sim, 
Abraham G. Eappen, Tao Li, Ming Lin Li, Thomas L. Richie, 
Sumana Chakravarty, Anusha Gunasekera, Tooba Murshedkar, 
Peter F. Billingsley and Stephen L. Hoffman

64 Low-Energy Electron Irradiation of Tick-Borne Encephalitis 
Virus Provides a Protective Inactivated Vaccine
Julia Finkensieper, Leila Issmail, Jasmin Fertey, Alexandra Rockstroh, 
Simone Schopf, Bastian Standfest, Martin Thoma, Thomas Grunwald 
and Sebastian Ulbert

73 Electron-Beam Inactivation of Human Rotavirus (HRV) for the 
Production of Neutralizing Egg Yolk Antibodies
Jill W. Skrobarczyk, Cameron L. Martin, Sohini S. Bhatia, 
Suresh D. Pillai and Luc R. Berghman

82 Advances in Irradiated Livestock Vaccine Research and 
Production Addressing the Unmet Needs for Farmers and 
Veterinary Services in FAO/IAEA Member States
Hermann Unger, Richard T. Kangethe, Fatima Liaqat and 
Gerrit J. Viljoen

Table of
contents

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/


February 2023

Frontiers in Immunology 4 frontiersin.org

90 Vaccination With a Gamma Irradiation-Inactivated African 
Swine Fever Virus Is Safe But Does Not Protect Against a 
Challenge
Jutta Pikalo, Luca Porfiri, Valerij Akimkin, Hanna Roszyk, 
Katrin Pannhorst, Richard Thiga Kangethe, Viskam Wijewardana, 
Julia Sehl-Ewert, Martin Beer, Giovanni Cattoli and Sandra Blome

101 Investigations Into the Suitability of Bacterial Suspensions as 
Biological Indicators for Low-Energy Electron Irradiation
Simone Schopf, Gaby Gotzmann, Marleen Dietze, 
Stephanie Gerschke, Lysann Kenner and Ulla König

112 Low Dose Gamma Irradiation of Trypanosoma evansi 
Parasites Identifies Molecular Changes That Occur to Repair 
Radiation Damage and Gene Transcripts That May Be 
Involved in Establishing Disease in Mice Post-Irradiation
Richard T. Kangethe, Eva M. Winger, Tirumala Bharani K. Settypalli, 
Sneha Datta, Viskam Wijewardana, Charles E. Lamien, 
Hermann Unger, Theresa H.T. Coetzer, Giovanni Cattoli and 
Adama Diallo

131 Irradiated Non-replicative Lactic Acid Bacteria Preserve 
Metabolic Activity While Exhibiting Diverse Immune 
Modulation
Luca Porfiri, Johanna Burtscher, Richard T. Kangethe, 
Doris Verhovsek, Giovanni Cattoli, Konrad J. Domig and 
Viskam Wijewardana

144 Development of Live Attenuated Salmonella Typhimurium 
Vaccine Strain Using Radiation Mutation Enhancement 
Technology (R-MET)
Hyun Jung Ji, A-Yeung Jang, Joon Young Song, Ki Bum Ahn, 
Seung Hyun Han, Seok Jin Bang, Ho Kyoung Jung, Jin Hur and 
Ho Seong Seo

159 Protective Efficacy of H9N2 Avian Influenza Vaccines 
Inactivated by Ionizing Radiation Methods Administered by 
the Parenteral or Mucosal Routes
Alessio Bortolami, Eva Mazzetto, Richard Thiga Kangethe, 
Viskam Wijewardana, Mario Barbato, Luca Porfiri, Silvia Maniero, 
Elisa Mazzacan, Jane Budai, Sabrina Marciano, Valentina Panzarin, 
Calogero Terregino, Francesco Bonfante and Giovanni Cattoli

172 Improved Whole Gamma Irradiated Avian Influenza Subtype 
H9N2 Virus Vaccine Using Trehalose and Optimization of 
Vaccination Regime on Broiler Chicken
Farahnaz Motamedi Sedeh, Iraj Khalili, Viskam Wijewardana, 
Hermann Unger, Parvin Shawrang, Mehdi Behgar, 
Sayed Morteza Moosavi, Arash Arbabi and Sayedeh Maede Hosseini

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/


Frontiers in Immunology

OPEN ACCESS

EDITED AND REVIEWED BY

Anke Huckriede,
University Medical Center Groningen,
Netherlands

*CORRESPONDENCE

Viskam Wijewardana

V.Wijewardana@iaea.org

Sebastian Ulbert

sebastian.ulbert@izi.fraunhofer.de

Giovanni Cattoli

G.Cattoli@iaea.org

SPECIALTY SECTION

This article was submitted to
Vaccines and Molecular Therapeutics,
a section of the journal
Frontiers in Immunology

RECEIVED 20 October 2022
ACCEPTED 14 December 2022

PUBLISHED 09 January 2023

CITATION

Wijewardana V, Ulbert S and Cattoli G
(2023) Editorial: Irradiation technologies for
vaccine development.
Front. Immunol. 13:1075335.
doi: 10.3389/fimmu.2022.1075335

COPYRIGHT

© 2023 Wijewardana, Ulbert and Cattoli. This
is an open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Editorial

PUBLISHED 09 January 2023

DOI 10.3389/fimmu.2022.1075335
Editorial: Irradiation technologies
for vaccine development

Viskam Wijewardana1*, Sebastian Ulbert2* and Giovanni Cattoli 1*

1Animal Production and Health Laboratory, Joint Food and Agriculture Organization (FAO)/International
Atomic Energy Agency (IAEA) Centre of Nuclear Techniques in Food and Agriculture, International
Atomic Energy Agency, Vienna, Austria, 2Department of Vaccines and Infection Models, Fraunhofer
Institute for Cell Therapy and Immunology, Leipzig, Germany

KEYWORDS

gamma irradiation, e-beam irradiation, livestock, vaccine, zoonotic diseases,
immune responses
Editorial on the Research Topic

Irradiation technologies for vaccine development
Vaccine development is of high priority in the control of infectious diseases. The impact

of vaccination on health is immense; except for the improvement of drinking water quality,

no other approach has had such a major effect on mortality reduction and population growth

(Rodrigues and Plotkin). However, despite an increase in our knowledge on host-pathogen

interactions and the advancement in various cutting-edge technologies in vaccine design,

there is still a dearth of effective vaccines against many human and animal diseases. The need

to design and generate vaccines in a shorter period against emerging and re-emerging

pathogens that are difficult to control by other means is critical for human and animal

welfare. The efforts to control current SARS-CoV-2 pandemic is a prime example. Inactivated

whole virus vaccines were the first vaccines developed and applied against SARS-CoV-2 and

they are still widely used (around 50% of total vaccines delivered), indicating the value of this

traditional method of vaccine development (1). At present, chemical inactivation is the most

common method to kill pathogens for vaccine preparation. However, in the last decade the

use of irradiation (gamma-, X-ray-, electron beam-irradiation) has been considered as a

potential, valid alternative for vaccine development. Inactivation by irradiation has some

potentially important advantages over chemical inactivation. The compilation of this

Research Topic will attract attention to the state-of-the art of irradiation technology in

vaccine development.

The two mini reviews that appear in this collection give a comprehensive overview of the

technology including historical developments. Despite the fact that irradiation technology is

still primarily in the research and development phase, there is an increasing interest in this

area as illustrated in the review paper by Bhatia and Pillai that provides a representative list of

24 patents that have been filed for the creation of irradiated vaccines for human and animal

bacterial, viral, and protozoan diseases. In the second review paper, Unger et al. discuss the

development of irradiated vaccines against livestock diseases with special reference to

initiatives from the Animal Production and Health section (APH) of the Joint FAO/IAEA

Centre of Nuclear Techniques in Food and Agriculture at the International Atomic Energy

Agency. In this paper, information on the dose of irradiation used in various vaccine

preparations is also provided. Both these articles show the science behind the ionizing
frontiersin.org5
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radiation and its effect on microorganisms. Depending on the dose

applied, ionizing radiation can irreparably damage the microbes.

Interestingly, the radiation dose can be calibrated in a way that

exposed microorganisms are unable to replicate (i.e. to cause

infection) but still retain their metabolic activity, resulting in so-

called “metabolically active, non-replicating” microorganisms (Hieke

and Pillai). The residual functional proteins that yield metabolic

activity in these microorganisms induce a broader immune

response in the host when vaccinated. This approach was adopted

to develop a metabolically active, non-replicating sporozoite vaccine

(PfSPZ vaccine) to prevent Plasmodium falciparum malaria which is

now being tested at phase 2 clinical trials globally (2). While

traditionally gamma irradiation was used for the inactivation of

pathogens when developing irradiated vaccines, recent technological

advances have paved the way for the use of electron (e)-beam or other

irradiation techniques in an effort to move away from the use of

radioactive material. Moreover, by employing new radio-protectant

compounds such as manganese ions (Mn2+) and trehalose,

immunogenic epitopes have been better preserved during

irradiation inactivation (3).

The antigenic variation of the HA1 domain and its resulting

antigenic drift has led to reformulating seasonal influenza vaccines

with new strains every year (4). This urge for the development of a

universal influenza vaccine that must provide long-lasting cross-

protective immunity that can induce both B and T cell responses.

In veterinary medicine, the availability of safe and effective avian

influenza vaccines suitable for mass applications (e.g. aerosol,

drinking water) would facilitate the prevention and control of this

disease in poultry. Within this collection there are three articles which

aim to investigate if an irradiated influenza vaccine could perform

better than chemically inactivated vaccines and/or induce a broader

protection. Bortolami et al. investigated the protective efficacy of a

H9N2 avian influenza vaccine prototype. In this experiment, birds

were vaccinated with an irradiated or a chemical inactivated

formulation. The irradiated vaccine group performed as well as the

chemical inactivated vaccine group upon challenge when the vaccines

were given parenterally. Interestingly, when the vaccine was applied

by the mucosal route, the irradiated preparation provided 100%

protection at a challenge dose of 3 logs while the chemically

inactivated one did not. This indicates the possibility of developing

mucosal immunity through irradiated inactivated vaccines which is

very difficult to achieve with traditional chemical inactivation.

Motamedi Sedeh et al. give further support to this aspect. In their

H9N2 avian influenza experiments, both methods of inactivation and

routes of administration provided similar levels of protection, but

cell-mediated immune responses were more pronounce for the

irradiated vaccine formulated with trehalose and given through the

mucosal route. In a third article by Singleton et al., the conditions for

irradiation were investigated in an H1N1 influenza vaccine

experiment. They show not only protection from the vaccine strain

but also cross-protection through a gamma irradiated vaccine.

Interestingly the induction of higher neutralizing antibodies and

more effective cytotoxic T cell responses were correlated with

higher temperatures during the irradiation process.

In classical antigen presentation, the exogenous antigen is

degraded via the endosome pathway and is loaded onto major

histocompatibility complex (MHC) class II molecules that presents
Frontiers in Immunology 6
antigens to CD4 T helper (Th) lymphocytes while inefficient in

presenting antigens through MHC class I which is needed to

activate CD8 (T cytotoxic) lymphocytes (5). Therefore, traditional

inactivated vaccines most often do not yield a pronounced cell-

mediated immunity. However, irradiation-inactivated Salmonella

gallinarum provided an immune response skewed towards Th1 type

(higher IgG2b and IgG3 levels) compared to a formalin inactivated

vaccine which led to a protection level similar to a live attenuated

vaccine when the challenge was done in chicken (Ji et al.). In another

irradiated bacterial vaccine experiment in chicken, Dessalegn et al.

showed intranasal or intraocular delivery of gamma irradiated

Pasteurella multocida provided 100% protection reinforced with

higher levels of secretory IgA. Inactivated pathogens are easily

cleared by cilia and mucus in the intranasal mucosa unlike live

attenuated organisms which can replicate. However, if the structure

is maintained along with membrane integrity, this will aid adherence

and allow the antigen presenting cells to take up the vaccine antigens.

Several groups here investigated the structural integrity following

sterilizing irradiation of pathogens when used as vaccine candidates.

Electron micrography data showed a high degree of structural

integrity when optimum irradiation conditions were used to

inactivate Influenza virus (Bortolami et al.) African Swine Fever

virus (ASFV) (Pikalo et al.) or Salmonella gallinarum (Ji et al.).

However, in the case of ASFV, although the irradiated vaccine

elicited antibodies when delivered intra-muscularly, there was no

protection induced. Since it was shown above that several irradiated

vaccines do provide better protection when administered through

mucosal rather than parenteral routes, the authors could investigate

alternative delivery of the vaccine in future experiments.

One of the bottlenecks which holds back the scaling up and

commercial production of irradiated vaccines is the safety and

containment requirements for gamma irradiators sourced by radio

isotopes. More and more groups are now investigating the use of e-

beam or x-ray technologies to produce irradiated vaccines (6). Low-

energy electron irradiation (LEEI) which consists of electrons

accelerated with up to 500 kilo electron volts (keV) very rapidly

delivers high doses necessary for pathogen inactivation, but only

requires minimal shielding. Finkensieper et al. showed vaccination

with three doses of LEEI inactivated tick-borne encephalitis virus

provided complete protection from infection and induced higher

antibody titers and avidities as compared to the formalin inactivated

virus. E-beam technology can also help in producing biological

therapeutics. E-beam irradiated inactivated human rotavirus (HRV)

was used as antigen in chickens to produce antibodies against HRV.

These egg yolk antibodies and serum derived IgY were effective at

neutralizing HRV in-vitro (Skrobarczyk et al.). In LEEI processes,

determination of the absorbed electron dose is challenging due to the

limited, material-dependent penetration depth of the accelerated

electrons into the matter. As a solution for this, Schopf et al.

proposed the use of bacterial suspensions as biological indicators

for electron beam doses.

The use of gamma irradiators has been seen as a hindrance in

scaling up of irradiated vaccines against viruses and bacteria, which

require relatively high doses. In contrast, eukaryotic cells are several

orders of magnitudes more susceptible to ionizing radiation, and

consequently a biopharmaceutical production process for attenuation

by gamma irradiation has been developed (James et al.) to produce
frontiersin.org
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PfSPZ vaccine against malaria. This process was used for several

hundred irradiation events to produce the PfSPZ vaccine candidate in

the last 13 years which generated multiple lots released for pre-clinical

studies and clinical trials. By studying another unicellular parasite,

Kangethe et al. performed experiments to identify genes that are

involved in disease establishment by gamma irradiation of

Trypanosoma evansi. By subjecting parasites to a lower-dose of

irradiation than that needed to stop replication, the genes

responsible for the repair of the radiation-induced damage and thus

potential virulent factors were identified. The authors propose a

strategy for a candidate vaccine by deleting some of these virulent

genes in the parasite. Radiation-induced mutations were also applied

to attenuate the virulence of Salmonella spp. to develop live vaccine

strains (Ji et al.). The selected mutant strain (ATOMSal-L6) was

almost 10,000 times less virulent than its parent strain. Moreover,

attenuation was maintained for over 10 passages. ATOMSal-L6

induced protective immunity upon intramuscular vaccination of

mice. Finally, Porfiri et al. explored the immunomodulatory

landscape of replication deficient metabolically active Lactobacilli

produced through gamma irradiation to be used as novel vaccine

adjuvants. There is increasing understanding of the role of vaccine

adjuvants and how the formulation of modern vaccines can be better

tailored towards the desired clinical benefits. Thus discovery of novel

adjuvants that could activate specific immune pathways will aid in the

quest for developing vaccines against challenging pathogens (7).

In summary, this Research Topic highlights some of the latest

developments, innovations and understanding of the use of

irradiation technologies for vaccine development. It also raised

scientific and technical questions that need to be answered in future

research including the underlying mechanisms involved in the

remaining metabolic activity in lethally irradiated microbial cells,

generation of better cell mediated immunity compared to chemical

inactivation, use of LEEI in bulk vaccine preparations, the best route

to deliver irradiated vaccines, discovery of novel radio-protectant

compounds to preserve vaccine antigenicity and stabilization of
Frontiers in Immunology 7
irradiated vaccine formulations. Research and technical innovation

are also needed to transfer irradiation technologies for vaccine

development from an applied research sector to production

and marketing.
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Vaccine Provides a High Protective
Immune Response by Activating
Both Humoral and Cellular Immunity
Hyun Jung Ji1,2, Eui-Baek Byun1, Fengjia Chen1, Ki Bum Ahn1, Ho Kyoung Jung3,
Seung Hyun Han2, Jae Hyang Lim4,5, Yongkwan Won3, Ja Young Moon6, Jin Hur6*
and Ho Seong Seo1,7*

1 Research Division for Radiation Science, Korea Atomic Energy Research Institute, Jeongeup, South Korea,
2 Department of Oral Microbiology and Immunology, and DRI, School of Dentistry, Seoul National University, Seoul,
South Korea, 3 Research and Development Center, HONGCHEON CTCVAC Co., Ltd., Hongcheon, South Korea,
4 Department of Microbiology, Ewha Womans University College of Medicine, Seoul, South Korea, 5 Ewha Education &
Research Center for Infection, Ewha Womans University Medical Center, Seoul, South Korea, 6 Department of Veterinary
Public Health, College of Veterinary Medicine, Jeonbuk National University, Iksan, South Korea, 7 Department of Radiation
Science, University of Science and Technology, Daejeon, South Korea

Salmonella enterica subsp. enterica serovar Gallinarum (SG) is a common pathogen in
chickens, and causes an acute systemic disease that leads to high mortality. The live
attenuated vaccine 9R is able to successfully protect chickens older than six weeks by
activating a robust cell-mediated immune response, but its safety and efficacy in young
chickens remains controversial. An inactivated SG vaccine is being used as an alternative,
but because of its low cellular immune response, it cannot be used as a replacement for
live attenuated 9R vaccine. In this study, we employed gamma irradiation instead of
formalin as an inactivation method to increase the efficacy of the inactivated SG vaccine.
Humoral, cellular, and protective immune responses were compared in both mouse and
chicken models. The radiation-inactivated SG vaccine (r-SG) induced production of
significantly higher levels of IgG2b and IgG3 antibodies than the formalin-inactivated
vaccine (f-SG), and provided a homogeneous functional antibody response against group
D, but not group B Salmonella. Moreover, we found that r-SG vaccination could provide a
higher protective immune response than f-SG by inducing higher Th17 activation. These
results indicate that r-SG can provide a protective immune response similar to the live
attenuated 9R vaccine by activating a higher humoral immunity and a lower, but still
protective, cellular immune response. Therefore, we expect that the radiation inactivation
methodmight substitute for the 9R vaccine with little or no side effects in chickens younger
than six weeks.
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INTRODUCTION

Salmonellosis is a zoonotic disease that can cause gastroenteritis,
diarrhea, and systemic typhoid in humans and animals.
Salmonella species are gram-negative, facultatively flagellated
bacteria classified on the basis of 46 lipopolysaccharide (LPS,
O) and 114 flagella (H) antigens (1). According to this taxonomy,
more than 2,610 serotypes have been identified to date (2).
Among them, Salmonella enterica subsp. enterica serovar
Gallinarum (S. Gallinarum; SG) is known to cause invasive
salmonellosis, or fowl typhoid-like disease, a septic disease that
occurs in both acute and chronic forms in chickens, turkeys, and
other birds (3). Although SG infection has largely disappeared in
the poultry industry in developed countries, it is still widespread
in developing countries, causing enormous annual economic
losses (4).

Vaccination of chickens has provided promising protection,
and there continues to be progress in the development of a safe
and efficacious Salmonella vaccine that provides broad cross-
protection for enhancing both animal health and food safety (5).
The most commonly used vaccine is a commercial live vaccine
derived from a stable rough strain of SG 9R that was developed
more than 30 years ago (6). Although the protective efficacy of
this vaccine has been reported to be extremely high (7), the
remaining pathogenicity in this attenuated strain can also lead to
severe systemic infections in immunosuppressive groups such as
young chicks (8). In addition, the problem of pathogenic
reversion due to natural mutation in this strain has also been
reported, leading to an increasing demand for additional vaccine
development (9). In fact, SG 9R strains from three different
Korean animal vaccine companies show different phenotypic
characteristics and vaccine efficacy despite having the same
original strain (10).

An inactivated vaccine can be considered as a safer alternative
to SG 9R. However, several reports have shown that inactivated
SG vaccines are not sufficient to provide protection against
salmonellosis and less cross-protective against other Salmonella
species, such as Salmonella Pullorum (SP) or Salmonella
Enteritidis (SE) because of the low cell-mediated immune
response (11, 12). Of the several inactivation methods available
for vaccine development, inactivation by irradiation has been
reported to enhance the induction of cell-mediated immunity for
bacterial and viral vaccines (13, 14). Radiation, such as gamma
and X-rays, transfers energy to produce ionization that directly
or indirectly damages dsDNA (15). This ionization is completed
in picoseconds (~10–12 s), so it is thought that it will cause less
immunogenic damage that could induce cellular immunity. The
major advantages of ionizing radiation in vaccine development,
compared to formalin, are the ability to penetrate most biological
materials, and the fact that it targets both double- and single-
stranded nucleic acids while causing less damage to antigenic
surface proteins. Moreover, there is no need to remove any
chemical residue after inactivation (16). Gamma-irradiated
influenza vaccine was more effective at priming cross-reactive
cytotoxic T cells and protected mice against a heterologous
influenza virus (17). Irradiated bacterial vaccines, such as
against Listeria, Mycobacteria, and Bacillus, which prevent
Frontiers in Immunology | www.frontiersin.org 29
replication but retain their metabolic activity, generate higher
cell-mediated immune responses and protect against
extracellular and intracellular bacteria (14, 18–20).

In this study, we prepared an SG vaccine using gamma
irradiation and analyzed its efficacy by measuring the immune
response in mice and chickens. This study demonstrates that
gamma irradiation is suitable for developing inactivated vaccines
against SG and other infectious diseases.
MATERIALS AND METHODS

Ethics Statement
This study was performed in strict accordance with the
recommendations of the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. All
animal experiments were approved by the Committee on the Use
and Care of Animals at the Korea Atomic Energy Research
Institute (KAERI; approval no. IACUC-2018-007) and
performed according to accepted veterinary standards set by
the KAERI animal care center. Mice were euthanized by
CO2 inhalation, as specified by the KAERI Institutional
Animal Care and Use Committee guidelines.

Bacterial Strains
S. Gallinarum 07Q015 was obtained from the Korea Veterinary
Culture Collection (Kimchun, Republic of Korea), and its
genome was sequenced using the PacBio RS II platform
(Pacific Biosciences, Menlo Park, CA, USA) at Macrogen Co.,
Ltd. (Seoul, Republic of Korea). The assembled genome of S.
Gallinarum 07Q015 contained three contigs, one circular
genome (4,624,135 bp) and two plasmids (88,418 bp and
56,404 bp). After complete genome assembly, BLAST analysis
(v2.7.1) was carried out to identify the species to which each
scaffold showed the highest similarity. The best hit was S. enterica
subsp. enterica serovar Gallinarum strain 287/91 (accession
number: AM933173.1). The whole genome sequence of S.
Gallinarum 07Q015 has been deposited at DDBJ/EMBL/
GenBank under accession no. CP077760 (Contig 1), CP077761
(Contig 2), CP077762 (Contig 3). In the challenge experiment,
we assessed the median lethal dose (LD50) and the optimal
challenge dose by monitoring the survival of mice and chicken
for two weeks after S. Gallinarum 07Q015 inoculation
intraperitoneally (i.p.) and orally, respectively. The LD50 was
calculated using the Reed–Muench method. The optimal
challenge doses were at least 10 times higher than LD50, i.e.,
5 × 105 CFU for mice and 3 × 107 CFU for chicken.

Preparation of Radiation- or Formalin-
Inactivated SG (r-SG or f-SG)
Salmonella was grown in Luria-Bertani (LB; Difco, BD
Biosciences, Franklin Lakes, NJ, USA) broth at 37°C and 200
rpm under aerobic conditions. When the bacteria culture
reached an optical density (OD600) of 0.8, it was pelleted by
centrifugation at 7000 rpm for 20 min at 4°C and resuspended in
phosphate-buffered saline (PBS). Harvested SG (108–109 CFU/mL)
August 2021 | Volume 12 | Article 717556
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was irradiated using a 60Co-gamma irradiator (point source
AECL, IR-79, MDS Nordion International Co., Ottawa,
Canada) at the Advanced Radiation Technology Institute of
KAERI (Jeongeup, Republic of Korea) with an absorbed dose
of 0.5–9 kGy for 1 h at 23°C. f-SG was prepared by incubation
with 0.2% formaldehyde solution (JUNSEI; Tokyo, Japan) under
mild agitation at 23 - 28°C for 2 h. To confirm inactivation of the
prepared vaccines, samples were inoculated in LB broth and
cultured for 3 d to assess SG growth.

Quantification of DNA Damage
Genomic DNA was extracted using a G-spin™ Genomic DNA
extraction Kit (INTRON Inc., Seoul, Republic of Korea). The
genomic DNA concentration was measured using a
spectrophotometer (Epoch 2; BioTek, Winooski, VT, USA)
and titrated to 100 mg/mL in 10mM Tris-EDTA buffer. To
quantify single-strand DNA breaks, a DNA Damage
Quantification Kit (Dojindo Laboratories, Kumamoto, Japan)
was used according to the manufacturer’s instructions. Briefly,
genomic DNA (1 µg) was labeled with an aldehyde reactive probe
conjugated with biotin, through incubation at 37°C for 1 h.
Labeled DNA was immobilized on a 96-well U-bottom
microplate (Dojindo) and incubated at 23°C overnight. Bound
biotin-conjugated aldehyde reactive probe on immobilized
genomic DNA was detected using peroxidase-streptavidin and
the OD of the conjugated aldehyde reactive probe was measured
at 650 nm after adding 100 µL of 3,3’,5,5’-tetramethylbenzidine
substrate solution.

Measurement of Protein Carbonylation
SG samples were sonicated using a TECAN sonicator (TECAN;
Osaka, Japan) for 1 min on ice. The samples were then
centrifuged at 10,000 × g for 15 min at 4°C. Protein
concentration and purity were measured using absorbance at
280 nm and 260 nm, respectively. Protein carbonylation was
measured using a Protein Carbonyl Colorimetric Assay Kit
(Cayman Chemical, Ann Arbor, Michigan, USA) according to
the manufacturer’s instructions. In brief, 200 µL of the sample
was mixed with 800 µL of 2,4-dinitrophenylhydrazine and 800
µL of 2.5 M HCl. After the sample was incubated for 1 h at room
temperature, the proteins were precipitated using 20%
trichloroacetic acid at 4°C for 5 min. After centrifugation, the
pellet was washed with 1 mL of a mixture of ethanol and ethyl
acetate (1:1, v/v) and resuspended with protein pellets in 500 µL
of guanidine hydrochloride. The OD of the pellet was measured
at 360–385 nm.

Scanning Electron Microscope
(SEM) Analysis
Live SG, r-SG, and f-SG were fixed with 4% glutaraldehyde
overnight at 4°C. After centrifugation (13,000 rpm), the samples
were washed three times with PBS and dehydrated through a
graded ethanol series (30%, 50%, and 70%) followed by drying
the cells. The samples were gold-coated using a gold sputtering
unit and then observed using a JEOL JSM-840 scanning
microscope (Tokyo, Japan) at the Seoul National University.
Frontiers in Immunology | www.frontiersin.org 310
Mouse and Chicken Experiments
The animal housing conditions, which were designed for specific
pathogen-free animals, and the animal experimental design were
approved by the Committee on the Use and Care of Animals at
the KAERI and implemented ethically according to the standards
accepted by the National Health of Institute. The ventilated
housing cage (Orient Bio Inc., Seoul, Republic of Korea) was
maintained in an animal biological safety level 2 facility at 22–23°C
on a 12 h:12 h light:dark cycle. The cages were covered with high-
efficiency particulate air-filtered microisolation lids (Orient Bio
Inc.) in a static airflow environment. Bedding (Aspen shavings;
Orient Bio Inc.) at an approximate depth of 1.0 cm was changed
weekly. Irradiated rodent diet food and sterile water were
provided ad libitum through a wire cage top. Five-week-old
male C57BL/6 mice (weight 19–21 g) were purchased from
Orient Bio Inc. Five C57BL/6 mice were randomly assigned to
individually ventilated housing cages and immunized i.p. three
times at two-week intervals with either PBS, r-SG, or f-SG mixed
with the same volume of 2% Alhydrogel® adjuvant (InvivoGen,
San Diego, CA, USA). No significant weight loss, mortality, or
serious clinical signs were observed after vaccination. Two weeks
after the third vaccination, blood was collected to measure SG-
specific antibodies, and the spleen was collected to measure SG-
specific T cell responses. To examine the protective efficacy of the
vaccination, mice were challenged i.p. with S. Gallinarum
07Q015 (5 × 105 CFU/mouse) two weeks after the third
vaccination. Mouse survival was monitored for 12 d.

Five-week-old female Brown Leghorn chickens (weight 5-
6 lb) were purchased from JOIN Inc. (Pyeongtaek, Korea) and
placed into chicken isolator (Three-shine Inc.; Daejeong, Korea)
containing mesh wire on the floor of the cages. Each cage housed
not more than 5 chickens. Chickens were given tap water and
commercial chick feed ad libitum. Air and light were supplied
freely through the hole and windows. All purchased chickens
were confirmed to be negative for Salmonella infection by
confirming with Salmonella diagnosis PCR with Primers 3503
(AGC GTA CTG GAA AGG AG) and 5503 (ATA CCG CCA
ATA AAG TTC ACA AAG) (21). Chickens adapt to the new
environment for one week. All chickens were acclimatized
according to the protocols of the Central Animal Research
Laboratory at Chunbuk National University (Iksan, Republic of
Korea). For vaccination, chickens (n = 10/group) were
vaccinated into the breast muscle twice at three-week intervals
with r-SG (3 × 108 CFU), f-SG (3 × 108 CFU), or live 9R strain
(2 × 107 CFU) of 0.5mL. Three weeks after the second vaccination,
chicken blood was collected 5 mL each from brachial wing vein,
and serum was harvested from the supernatant of coagulated
blood. All serum were stored at 4°C until performing enzyme-
linked immunosorbent assay (ELISA) and opsonophagocytic
killing assay (OPKA). For Salmonella challenge study, S.
Gallinarum 07Q015 were inoculated into 10 mL LB and
incubated at 37°C with orbital shaking (200 rpm) for 24 h.
Subsequently, 0.5 mL of precultures bacteria was transferred into
50 mL LB and incubated with orbital shaking (200 rpm) at 37°C
for about 6 h. The challenge inoculum was prepared by diluting
S.Gallinarum culture in LB to a final viable concentration of 6 × 107
August 2021 | Volume 12 | Article 717556
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CFU/mL and used immediately for oral infection. The number
of S. Gallinarum inoculums was determined both before and
after challenge. Three weeks after the second vaccination,
chickens were orally challenged with 0.5 mL of S. Gallinarum
07Q015 (3 × 107 CFU/chicken) as inoculum using a syringe,
whereas uninfected chickens were given with the same amount of
LB. Chicken survival was monitored daily for 15 d. Any chicken
that died or had to be euthanized during the observation period
was immediately necropsied and all the remaining chickens at
the end of the experiment were euthanized.

Measurement of Lipopolysaccharide
(LPS)-Specific Immunoglobulin Levels
Blood samples from mice and chickens were obtained 14 d after
the last vaccination. Salmonella antigen lysates were prepared as
described previously (22). Salmonella Gallinarum (SG),
Salmonella Typhimurium (ST), Salmonella Enteritidis (SE),
and Salmonella Pullorum (SP) were grown in LB broth and
harvested at OD600 = 0.8. The pellet was washed with PBS
followed by sonication 30 times for 5 s. Samples were
centrifuged at 13,000 rpm for 10 min at 4°C, and the
supernatants were collected and stored at –70°C. Total protein
concentration was measured using the Pierce™ BCA Protein
Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). To
examine the levels of SG-specific immunoglobulins (Igs),
Salmonella lysate (10 mg/well), group D LPS (1 mg/well; Sigma-
Aldrich; St. Louis, MO), and group B LPS (1 mg/well; Sigma-
Aldrich) were immobilized on 96-well plates for 16 h at 4°C,
followed by blocking with 1% BSA in PBS. After washing three
times with PBS containing 0.05% Tween-20 (PBS-T; Sigma-
Aldrich), serial two-fold dilutions of mouse or chicken serum
(100 mL) were added to each well and incubated at 23°C for 2 h.
The plates were washed five times with PBS-T to remove
unbound antibodies, and bound antibodies were detected using
horseradish peroxidase (HRP)-conjugated anti-mouse Igs (anti-
mouse IgM, IgG, IgG1, IgG2a, IgG2b, and IgG3; 1:5000 dilution
in PBS-T; Sigma-Aldrich) or HRP-conjugated anti-chicken IgM
and IgG (1:5000 dilution in PBS-T; Southern Biotech,
Birmingham, AL, USA) for 1 h at room temperature. After
washing seven times with PBS-T, 100 mL of 3,3’,5,5’-
tetramethylbenzidine substrate solution (INTRON) was added,
followed by incubation for 5–10 min at 23°C. When the color
was sufficiently developed, 50 mL of 2 N H2SO4 stop solution
(Daejung Chemicals; Siheung, Republic of Korea) was added.
The absorbance at 450 nm was measured using an Epoch 2 plate
reader (BioTek).

Opsonophagocytic Killing Assay (OPKA)
The functional activity of SG-specific antibodies induced by each
vaccine was assessed using OPKA as described previously (23). A
10 mL aliquot of bacteria (100–250 CFU) was incubated with
three-fold serially diluted heat-inactivated sera (final 20 mL/well)
with OBB (Opsonization buffer B, 1X HBSS buffer containing
0.1% gelatin and 0.5% heat inactivated FBS) at 37°C for 30 min,
followed by mixing with 40 mL of differentiated HL60
granulocytic cells (1 × 107 cells; ATCC; Manassas, VA, USA)
Frontiers in Immunology | www.frontiersin.org 411
and 10 mL of 3–4-week-old baby rabbit complement (PelFreeze
Biologicals, Rogers, AR, USA). After incubating at 37°C for
45 min, the reaction was stopped by incubating on ice for
20 min. Next, 10 mL of samples were spotted on LB agar plates
and the colonies were counted using NIST’s Integrated Colony
Enumerator software (NICE; Gaithersburg, MD, USA) and
opsonic indices (OIs) were analyzed using the Opsonization
Index Program (“opsotiter3”) kindly provided by Prof. Nahm
(University of Alabama at Birmingham).

Splenocyte Analysis by Flow Cytometry
Two weeks after the final immunization, spleens from mice
immunized with either the r-SG or f-SG vaccine were isolated
and filtered through a cell strainer (70 µm; SPL Life Sciences,
Pocheon, Republic of Korea). Red blood cells (RBCs) were lysed
with RBC lysis buffer (Sigma-Aldrich) and washed with RPMI-
1640 medium containing 10% fetal bovine serum (FBS; Biowest,
Nuaillé, France). The cell suspension was seeded into a 48-well
plate (2 × 106 cells/well) and stimulated with 10 µg/mL SG lysate,
0.5 µg/mL GolgiStop (BD Bioscience, San Diego, CA, USA), and
0.5 µg/mL GolgiPlug (BD Bioscience) at 37°C for 12 h. The cells
were washed with PBS and stained with a Live/Dead Staining Kit
(InvivoGen, San Diego, CA, USA), anti-CD8-FITC (BD
Bioscience), and anti-CD4-BV421 (BD Biosciences) for 20 min
at 23°C to stain T cell surface markers. Cells were fixed and
permeabilized using a Cytofix/Cytoperm kit (BD Bioscience) for
20 min at 4°C, and then intracellular cytokines were stained with
anti-IFN-g-PE (BD Biosciences), anti-IL-5-APC (BD
Bioscience), and anti-IL-17A-PE-Cy7 (BD Bioscience) for
20 min at 23°C. After staining, the cells were analyzed using a
MACS Quant flow cytometer (Miltenyi Biotec, San Diego, CA,
USA) and FlowJo software (TreeStar, Ashland, OR, USA).

Cytokine ELISA
Splenocyte culture supernatants prepared as described above
were collected, and the levels of IFN-g, IL-5, IL-17A, TNF-a,
IL-10, and TGF-b were measured using an ELISA kit
(eBioscience Inc., San Diego, CA, USA).

Adoptive Transfer of CD4+ or
CD8+ T Cells
Mouse spleen cell suspensions were prepared by passing spleen
specimens through a nylon cell strainer (BD Biosciences), and
red blood cells were lysed with FACS Lysing Solution (BD
Biosciences). Splenic CD4+ and CD8+ T cells were separated
using Miltenyi MACS microbeads conjugated with anti-CD4 and
anti-CD8 monoclonal antibodies (Miltenyi Biotec) and a MACS
LS column (Miltenyi Biotec). Isolated CD4+ or CD8+ T cells (5 ×
105 cells/mouse) were administered i.p. to naïve C57BL/6 mice
(n = 7). After 12 h, mice were challenged i.p. with S. Gallinarum
07Q015 (5 × 105 CFU/mouse) and mouse survival was
monitored for 12 d.

Statistical Analysis
Data are expressed as the mean ± standard deviation (SD). Data
in the bar and dot graphs between groups were compared using
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an unpaired Student’s t-test for normal data distribution or the
Mann–Whitney non-parametric test for abnormal data
distribution using GraphPad Prism (version 7.0; GraphPad
Software, Inc., La Jolla, CA, USA). The survival of mice was
determined using Kaplan–Meier survival analysis, and the
significance of the difference was analyzed using a log-rank test
with GraphPad Prism software. P < 0.05 was considered
statistically significant.
RESULTS

Preparation of an Inactivated
S. Gallinarum Vaccine
The formalin inactivation method used in this study followed the
bacterial vaccine manufacturing protocol of the Korean Animal
and Plant Quarantine, in which SG (108–109 CFU/mL) was
treated with 0.2% formaldehyde solution in PBS for 2 h at 37°C.
For radiation-inactivated SG vaccines, a value between −103 and
−106 was applied according to the ‘Sterility Assurance Level
(SAL)’ used in the manufacture of sterile viruses (24, 25). To
measure the SAL value, harvested SG (108–109 CFU/mL) in PBS
were irradiated with gamma rays at the indicated dose for 1 h,
and serially diluted samples were plated onto blood agar plate
(BAP) (Figure 1A). No bacteria were detected on BAP at 3~4
kGy. SAL values of –103 and –106 were calculated as assessed by
linear regression performed with all viable count data, indicating
that SAL values of –103 and –106 were obtained with doses of
5.442 kGy and 6.879 kGy, respectively. Thus, 6 kGy was chosen
as the radiation inactivation dose for SG (Figure 1B). After
inactivating SG with either formalin or radiation, 1 mL
inactivated bacteria was inoculated into 9 mL LB and
incubated for 7 d to confirm complete inactivation.

When radiation passes through a cell, it induces an ionization
process that produces free radicals via the radiolysis of water
(26–28), causing DNA damage. To determine whether the
radiation inactivation method successfully induced SG DNA
damage, Aldehyde Reactive Probe (ARP) was used to examine
the DNA single-strand break rate of the SG chromosome (29).
As shown in Figure 1C, SG DNA damage extensively increased
with increased irradiation dose, and approximately (23.252 ±
0.253) sites/100,000 bp damage was detected at 6 kGy. In
contrast, only (1.216 ± 0.102) sites/100,000 bp were detected
with f-SG, which was comparable to live SG ([0.058 ± 0.001]
sites/100,000 bp).

Since formalin- and radiation-induced reactive oxygen
species (ROS) can induce protein antigen damage by
carbonylation, which can trigger a Th2-biased immune
response, the degree of carbonylation was analyzed by a 2,4-
dinitrophenylhydrazine (DNPH) immunoassay (30). As shown
in Figure 1D, r-SG (6 kGy inactivating does) did not show a
significant increase in carbonylation ([0.955 ± 0.032] nmol/mL)
compared to live SG ([1.602 ± 0.048] nmol/mL). However, 0.2%
f-SG exhibited 4.8-fold higher carbonylation ([4.591 ± 0.450]
nmol/mL) compared to r-SG (Figure 1D). To directly visualize
the extracellular structures of live SG, r-SG, and f-SG, scanning
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electron microscopy (SEM) was performed. As shown in
Figure 1E, there were no substantial differences in the
extracellular structure between the groups.

Vaccination With r-SG Causes a Stronger
Humoral Immune Response
Because previous studies indicated that high carbonylation
induced by formalin treatment decreased antigen-specific
humoral immune responses (31, 32), we compared r-SG with
f-SG in vivo. Mice (n = 5 per group) were immunized i.p. with
either 105 or 106 CFU of either r-SG or f-SG vaccine three times
at two week intervals, then the SG-specific serum antibody titer
was measured two weeks after the last immunization
(Figure 2A). SG-specific IgM and IgG were increased in a
dose-dependent manner by immunizing with either r-SG or f-
SG. However, the group immunized with 106 CFU r-SG showed
significant enhancement in SG-specific IgM (4,320 ± 2,170) and
IgG (5,760 ± 2,061) compared to the f-SG vaccination group (600 ±
126 for IgM, 800 ± 0 for IgG) (Figures 2B, C). To determine
whether this SG-specific IgG enhancement by r-SG vaccination
was due to a Th1- or Th2-biased IgG response, we analyzed the
levels of IgG subclasses. As shown in Figures 2D, E, both IgG1
(Th2; 1,020 ± 618) and IgG2a (Th1; 220 ± 78) were modestly
increased in the r-SG group, but not significantly when
compared to the PBS (188 ± 77 for IgG1, 75 ± 14 for IgG2a)
and f-SG (70 ± 12 for IgG1, 50 ± 0 for IgG2a) groups.
Surprisingly, T-independent antibodies IgG2b (r-SG: 1,160 ±
682, f-SG: 170 ± 62) and IgG3 (r-SG: 8,990 ± 4,775, f-SG: 70 ±
12) were found to be significantly increased in the r-SG group
(Figures 2F, G).

To confirm whether the SG-specific immune responses
induced by the r-SG vaccine could provide protection against
SG, immunized mice (n = 6 per group) were i.p. challenged with
5 × 105 CFU WT SG two weeks after the last immunization.
While only 16% of PBS-immunized mice, and 33% of f-SG-
immunized mice, survived by 6 d post-injection, 100% of r-SG-
immunized mice survived at 12 d post-injection. This suggested
that r-SG might induce more potent humoral and protective
immune responses than f-SG (Figure 2H).

Higher Functional Antibody Responses
Induced by r-SG
IgG2b and IgG3 have long been considered the key subclasses
produced in response to carbohydrates and other T-independent
antigens, such as LPS and pneumococcal polysaccharide. Thus,
we next sought to confirm that the higher T-independent
humoral immune response observed was due to the immune
response to SG serogroup D carbohydrate by measuring
homogeneous antibody titers of SG-immunized mouse sera
against serogroup D (SE, SP) and serogroup B (ST) strains.
Sera isolated from mice immunized with 106 CFU of either r-SG
or f-SG were used to determine the levels of SE-, SP-, or ST-
specific antibody titers by ELISA. As shown in Figures 3A, B,
serogroup D Salmonella (SE and SP)-specific IgM (r-SG: 425 ±
143, 325 ± 75 f-SG: 80 ± 12, 60 ± 10) and IgG (r-SG: 1,800 ± 503,
325 ± 75 f-SG: 280 ± 48, 60 ± 10) isotype responses increased
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significantly in the sera of r-SG-immunized mice. As mentioned
above, the major subclasses of IgG were IgG2b and IgG3 against
SE and SP. In contrast, no significant levels of IgM (r-SG: 50 ± 0,
f-SG: 50 ± 0) and IgG (r-SG: 1,500 ± 619, f-SG: 440 ± 97) were
detected in serogroup B Salmonella (ST) (Figure 3C). Moreover,
we found that these serogroup specific antibodies bound only to
serogroup D LPS, not serogroup B LPS (Supplementary
Figure 1). These data indicate that r-SG-induced IgG2b, and
IgG3 antibodies were mostly group D-specific. Furthermore, we
found that both r-SG and f-SG boosted high group D LPS-
specific IgG and IgM, but not group B LPS-specific antibodies.
Frontiers in Immunology | www.frontiersin.org 613
To demonstrate that the increase in the homogeneous IgG
response was not due to non-specific binding to the immobilized
antigen, we measured the functional activity of SG-immunized
mouse sera using an OPKA, as described previously (33). Live SG,
SE, SP, or ST (100–250 CFU) were incubated for 45 min at 37°C
with the pooled SG-immunized sera together with baby rabbit
complement and differentiated granulocytes (HL60), and the
surviving bacteria were counted on LB agar plates. As shown in
Figure 3D, the opsonic index (OI; 50% killing serum titer) of PBS-
immunized sera (control) was 200, which is the OPKA detection
limit in all Salmonella groups. Sera immunized with f-SG showed
A

B C

D E

FIGURE 1 | Production and characterization of inactivated SG vaccines. (A) Schematic procedure for r-SG and f-SG vaccine production. (B) Radiation-inactivated
vaccine was produced according to the ‘Sterility Assurance Level (SAL).’ SG was harvested and re-suspended in PBS and irradiated with the indicated dose of
gamma radiation (60Co gamma-ray source) and plated on LB agar to count the number of surviving bacteria. No SG was detected in samples irradiated with doses
of gamma radiation >3 kGy. (C) Measurement of single strand chromosomal DNA breaks and (D) bacterial protein carbonylation after radiation- or formalin-
inactivation. (E) The surface structure of SG, r-SG, and f-SG visualized by scanning electron microscopy.
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OI of 28,970 to SG, but <2,000 for other serogroups. In contrast,
sera immunized with r-SG had extremely high OI titers against
group D Salmonella: 311,751 (SG), 776,716 (SE), and 1,749,600
(SP); while OI titers to ST were only 200. These results confirmed
that the radiation inactivation method induced a higher serotype-
specific humoral immune response than the formalin inactivation.

Higher SG-Specific Th17 Cell Immunity
Induced by r-SG
To more accurately confirm the immune-induced response to
r-SG, we analyzed cell-mediated immune activity in a population
of activated CD4+ and CD8+ T cells in vivo. Mice (n = 5 per
group) were immunized i.p. with PBS, r-SG (106 CFU), or f-SG
(106 CFU) three times at two week intervals, and single cell
suspensions of splenocytes were re-stimulated with 10 µg/mL SG
lysate followed by analysis of Th1 (IFN-g-producing CD4+ T
cells), Th2 (IL-5-producing CD4+ T cells), Th17 (IL-17A-
Frontiers in Immunology | www.frontiersin.org 714
producing CD4+ T cells), and activated CD8+ T cells (IFN-g-
producing CD8+ T cells) by gating (Figure 4A). As shown in
Figure 4B, any group immunized with either r-SG or f-SG
showed no significant difference in IL-5+CD4+ cells compared
to the PBS group. Only the r-SG-immunized group showed a
significant level of IFN-g+CD4+ (r-SG: 7.12 ± 0.56, f-SG: 5.50 ±
0.44; P = 0.005) and IL-17A+CD4+ cells (r-SG: 1.34 ± 0.19, f-SG:
0.99 ± 0.18; P = 0.03). Both the r-SG and f-SG groups had
significant increases in IFN-g+CD8+ cells compared to the PBS
group, but no differences were found between the r-SG and
f-SG groups.

Next, the levels of cytokines secreted from splenocytes in
response to SG lysate stimulation were measured by ELISA
(Figure 4C). Consistent with the above results, significantly
higher levels of IFN-g and IL-17A were detected in the r-SG
group compared to the PBS and f-SG groups, but IL-5
production was not detected in any group. In addition, we
A

B DC

F HG

E

FIGURE 2 | Analysis of humoral immune responses induced by immunization of r-SG or f-SG. Mice (n = 5 per group) were immunized i.p. with either 1 × 105 CFU
or 1 × 106 CFU of r-SG or f-SG three times at two week intervals and sera were collected two weeks after the last vaccination. (A) Schematic overview of mice
study design. SG-specific (B) IgM and (C) IgG and IgG subclasses (D) IgG1, (E) IgG2a, (F) IgG2b, and (G) IgG3 in sera were measured by ELISA. (H) Immunized
mice (n = 6 per group) were infected i.p. with 5 × 105 CFU SG WT strain and survival was monitored for 12 d. *P < 0.05, **P < 0.01 compared to PBS group.
#P < 0.05, ##P < 0.01 compared to f-SG vaccinated group.
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measured the levels of additional cytokines (IL-10 and TNF-a)
associated with Salmonella infections (34, 35). TNF-a was
significantly increased (r-SG: 359.1 ± 30.53, f-SG: 234.8 ± 12.3;
P = 0.0054), but a modest increase of IL-10 was observed in the
r-SG group compared to the f-SG group. Although TGF-b is
known to be required for class-switching from IgG3 to IgG2b
(36), no significant production of TGF-b was detected in either
the r-SG or f-SG groups These data confirm that r-SG could
induce higher SG-specific immune responses in the direction of
Th1 and Th17, and that a higher IgG2b humoral response was
not likely to be in the direction of the TGF-b pathway.

To directly examine whether T cells memorized via the r-SG
or f-SG vaccine could protect against SG infection, either splenic
CD4+ or CD8+ T cells were isolated from immunized mice and
then transferred to naïve mice via the i.p. route. Mice were then
challenged with a lethal dose of SG (5 × 105 CFU) 16 h after
adaptive transfer. As shown in Figures 4D, E, the group that
received CD4+ T cells from PBS- or f-SG-vaccinated mice died
within 5 d after injection, whereas the group that received CD4+

T cells from r-SG-vaccinated mice showed 40% survival during
the monitoring period, which was significant compared to the
PBS (P < 0.0001) and f-SG (P = 0.003) groups. In contrast, mice
Frontiers in Immunology | www.frontiersin.org 815
that received CD8+ T cells from r-SG- or f-SG-vaccinated donors
survived longer than mice in the PBS group, but no significant
differences were found between the r-SG and f-SG groups, which
correlated with the flow cytometry and ELISA data above. These
data suggest that the higher protective immune response induced
by the r-SG vaccine could be caused in part by higher activated
CD4+ T cells, particularly associated with Th1 and Th17 cells.

Higher Protective Immune Responses by
r-SG Vaccination in Chickens
To compare the efficacy of the vaccine between r-SG and f-SG in
chickens, five-week-old female Brown Leghorn chickens were
immunized with r-SG (3 × 108 CFU), f-SG (3 × 108 CFU), or
commercial 9R live vaccine (2 × 107 CFU) twice at three-week
intervals (Figure 5A). Sera were collected 14 d after the last
vaccination, and serogroup D Salmonella (SG, SE, and SP)-
specific IgG were measured using ELISA. As shown in
Figure 5B, all groups immunized with r-SG, f-SG, or 9R
showed a significant increase in Group D-specific IgG
antibodies (r-SG: 50,220 ± 18,491, f-SG: 57,780 ± 17,779, 9R:
37,260 ± 14,070) compared to the unvaccinated group, but
there was no significant difference among the vaccinated
AAA BBB

DDDCCC

FIGURE 3 | Homogeneous antibody responses by r-SG against Group D Salmonella. Mice (n = 5 per group) were immunized i.p. with 1 × 106 CFU of r-SG or f-SG
three times at two week intervals and sera were collected two weeks after the last vaccination. (A) SE-specific IgM and IgG, (B) SP-specific IgM and IgG, and
(C) ST-specific IgM and IgG in sera were measured by ELISA. (D) Summary of opsonization indices for r-SG and f-SG vaccines against serogroup D (SG, SE, and
SP) and serogroup B (ST) Salmonella. *P < 0.05, **P < 0.01, n.s., not significant, compared to unvaccinated mice.
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A
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FIGURE 4 | Analysis of SG-specific CD4+ and CD8+ T-cell responses. Mice (n = 5 per group) were immunized i.p. with 1 × 106 CFU of r-SG or f-SG three times at
two week intervals. Spleen cell suspensions were re-stimulated with 10 mg/mL SG lysate for 12 h and SG-specific Th1 (IFN-g-expressing CD4+ T cells), Th2 (IL-5-
expressing CD4+ T cells), Th17 (IL-17A-expressing CD4+ T cells), and activated CD8+ T cells (IFN-g-producing CD8+ T cells) were analyzed by intracellular cytokine
staining based on the T cell-specific makers (anti-CD4, and anti-CD8). (A) Representative plots for Th1, Th2, Th17, and activated CD8+ T cells in spleens from PBS-,
r-SG-, and f-SG-vaccinated mice. (B) Percentages of Th1, Th2, Th17, and activated CD8+ T cells in spleens of all vaccinated mice. The mean ± SD shown are
representative of three independent experiments. (C) Single cell suspensions of splenocytes were treated with 10 mg/mL SG lysate for 72 h, and supernatants were
collected for determination of SG-specific cytokines (IFN-g, IL-5, IL-17A, TNF-a, IL-10, and TGF-b) using ELISA. The mean ± SD shown are representative of two
independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001, n.s., not significant, compared with unvaccinated mice (D) Splenic CD4+ or (E) CD8+ T cells
from naïve (n = 7) or r-SG- or f-SG- vaccinated mice were pooled and transferred i.p. to mice. At 12 h after inoculation, mice were challenged i.p. with 5 × 105 CFU
SG WT strain. Mouse survival was monitored for 10 d. ***P < 0.001, compared with unvaccinated mice. ##P < 0.01, n.s., not significant, compared with f-SG
vaccinated mice.
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groups. Next, we measured the functional activity of SG-
immunized chicken sera using OPKA against live SG. As
shown in Figure 5C, the opsonic index (OI; 50% killing serum
titer) was 105 ± 65 (PBS), 15,376 ± 6,332 (r-SG), 12,318 ± 3,069
(f-SG), and 553 ± 245 (9R) indicating that both f-SG and r-SG
induced higher functional SG-specific antibodies than the live 9R
vaccine (Figure 5C).

Two weeks after the last vaccination, the immunized chickens
(n = 15) were orally challenged with 3 × 107 CFU of S.
Gallinarum 07Q015 (week 6). All PBS-immunized chickens
died within 10 d, but 100% (Live/Dead: 15/15) and 80% (Live/
Dead: 12/15) of the 9R- and r-SG-immunized chickens,
respectively, were alive for more than 14 d post-challenge
(Figure 5D). In contrast, only 33% (Live/Dead: 5/15) of the
f-SG-immunized chickens survived for 14 d after challenge.
Taken together, the data indicated that the higher protective
immune response of r-SG vaccination was likely due to both the
higher humoral immune response and cellular immune response.
Frontiers in Immunology | www.frontiersin.org 1017
DISCUSSION

Inactivated vaccines have been the most widely used type of
vaccine since the 1920s, but due to the recent emergence of new
strains and subtypes, it is becoming difficult to sufficiently
prevent infectious diseases with inactivated vaccines (37).
Instead, live vaccines are being used as alternatives, but their
use is extremely limited because of their difficulty in development
and high virulence to immunocompromised humans and
animals (38). For example, the SG 9R live vaccine against SG
has recently been reported as an unpredictable invasive infection
(8). Thus, there is an urgent need to develop safe new SG
vaccines. In this study, we found that a r-SG vaccine could
provide a higher homogeneous protective response against group
D Salmonella by activating early humoral responses (IgG2b and
IgG3) and Th1/Th17 cell-mediated immunity than f-SG.

Multiple studies have shown that radiation-inactivated
vaccines provide better efficacy than conventional vaccines (13).
A

B

D

C

FIGURE 5 | Analysis of humoral immune responses induced by immunization of r-SG or f-SG in chickens. Brown Leghorn chickens (n = 15 per group) were
immunized i.m. with the indicated dose of r-SG, f-SG, or live 9R twice at two week intervals. (A) Schematic overview of chicken study design. (B) A box-and-
whisker plot with data points of SG-specific chicken IgG in sera were measured by ELISA and (C) Opsonization indices for r-SG, f-SG, and 9R vaccines against
S. Gallinarum. (D) At two weeks after the last vaccination, chickens were orally challenged with 2 x 109 CFU SG WT and survival was monitored for 14 d. *P < 0.05,
***P < 0.001, n.s., not significant, compared with unvaccinated chicken. ###P < 0.001, compared with 9R vaccinated chicken.
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Furuya et al. reported that influenza vaccines inactivated with
gamma radiation significantly enhanced the activity of cytotoxic
T cells, which could provide heterosubtypic protection against
various influenza subtypes, including the H5N1 avian influenza
virus (39). Although ultraviolet radiation was used to inactivate
Listeria in a study by Brockstedt et al., they reported that this
could induce a potent CD8+ T cell response to increase cellular
immunity (40). However, our study found that the r-SG vaccine
activates SG-specific Th1/Th17 cells more than cytotoxic T cells,
possibly providing high protective immunity. In fact, we recently
demonstrated that radiation-inactivated pneumococcal vaccines
provide protection via Th17-mediated mucosal immune
responses (41). Thus, radiation inactivation methods generally
provide stronger protective immune responses, but the type of
response induced may differ depending on the type of pathogen.
As the molecular mechanism underlying the high immune
response of radiation-inactivated vaccines is not yet clear, the
key determinants leading to the activation of cytotoxic T cells or
Th17 cells should also be studied.

Formaldehyde is an electrophilic aldehyde that induces
chemical crosslinking of the N-terminal nucleophilic amino
group of cysteine, histidine, lysine, tryptophan, and arginine
(42). It is well known that the use of formaldehyde, in the form of
the aqueous solution formalin, for vaccine production can cause
a variety of immunological issues because it can alter the
structure of antigenic epitopes (43, 44) and diminish the
production of pathogen-specific and functional antibodies. We
reported that formalin inactivation could decrease the humoral
immune response by impairing the activity of influenza surface
antigens hemagglutinin (HA) and neuraminidase (NA) (45). In
this study, we also showed that formalin treatment of SG (f-SG)
dramatically increased the carbonylation of SG proteins
compared to untreated cells or r-SG. Second, formalin is
known to increase unpredictable immune responses, such as
antibody-dependent enhancement (ADE) (46). For example, a
formalin-inactivated respiratory syncytial virus (RSV) vaccine in
naïve infants failed to prevent disease, and 80% of vaccine
recipients were hospitalized after encountering circulating RSV
due to ADE (47). The issue of the SARS-CoV-2 vaccine inducing
ADE following structural modifications of the surface S-protein
is also a concern (48). Unlike chemical inactivation, radiation
inactivation in cells can be caused by direct or indirect action on
DNA (49). Radiation can directly cause DNA single-or double-
strand breaks (50), while the indirect action causes ionization of
water or organic molecules in the cell to produce free radicals
which react with DNA bases, leading to DNA damage (51). Thus,
the two actions can function together to cause various mutations
and break down DNA to quickly inactivate the pathogen. In
contrast, cellular damage might be relatively less compared to
DNA damage because the physical process of ionizing radiation
takes a very short reaction time (about 10-15 to 10-12 s) (26, 27,
52). Therefore, the high immunological effect of irradiated
vaccines may be due to less damage to surface antigens during
vaccine manufacturing.

Another surprising finding in our mouse model was that r-SG
induced higher titers of SG-specific IgM, IgG2b, and IgG3, and
Frontiers in Immunology | www.frontiersin.org 1118
these antibodies are probably anti-group D antigens. IgG2b and
IgG3 antibodies are usually considered to be part of the T-
independent response and can be induced at a very early stage of
infection (53). A previous study showed that LPS stimulation
could induce class switching of IgM to IgG3, and LPS induces
high levels of IgG2b and low levels of IgA in the presence of
TGF-b (54). However, we did not detect the secretion of TGF-b,
and there is another, unknown, mechanism for class switching to
IgG2b. In addition, both IgG3 and IgG2b are known to have
stronger opsonophagocytosis and bactericidal activities than
IgG2a and IgG1 (55), therefore the r-SG vaccine may provide
early and robust protective humoral immune responses via IgG3
and IgG2b. In contrast, we detected a relatively low amount of
SG-specific T-dependent antibodies (IgG1, IgG2a) by r-SG
vaccination, even with aluminum hydroxide as an adjuvant.
Therefore, there is a strong need to investigate the impact of a
specific adjuvant combination in increasing the Th1 response.

Although we have not been able to directly analyze the
response of cellular immunity after r-SG vaccination in
chickens, the increase in protective immunity is likely to be
due to an increase in cellular immunity. The role of Th1- and
Th17-mediated immune responses has been reported in many
infectious diseases, such as those caused by Candida, Salmonella,
and Pneumococcus (56–59). Following Salmonella infection, the
Th17 response in the CD4+ T cell population shifts to a Th1-
biased response, and IL-17A, which is increased by Salmonella
infection, stimulates intestinal epithelial cells to enhance the
production of antimicrobial proteins and chemokines (60, 61).
Thus, the higher protective immune response induced by r-SG
might be due to Th17-mediated Th1-biased response. Further
analysis of the cellular immune responses should be performed
on the spleen of chickens given various doses of r-SG vaccine.

Ionizing radiation primarily damages DNA and consequently,
the biological responses depending on the radiation track
structure and its energy loss distribution pattern (62). However,
because it is difficult to investigate the exact mechanism of
ionizing radiation at the atomic level, several modeling and
simulation programs, such as Geant4-DNA, have been
introduced to predict the effects of cellular oxygenation on the
chemical processes involving DNA radicals (63). According to
Geant4-DNA simulation, low linear energy transfer radiation can
cause 0.04 to 0.010 double-strand breaks/Gy/Mbp, indicating
that radiation can penetrate the cell nucleus to induce
intracellular oxygenation processes for double-strand breaks in
DNA. In contrast, formaldehyde causes external damage to the
cell through a diffusion mechanism. Therefore, irradiated
microorganisms have the potential to be recognized as living
microorganisms in part through the interaction of well-conserved
surface antigens with immune cells, which can promote the cell-
mediated immune response.

In summary, we are the first to develop a gamma radiation-
inactivated vaccine to SG that is safer and more effective than live
SG 9R or chemically-inactivated SG vaccines. We found that the
r-SG vaccine has the advantage of inducing a higher humoral
immune response than the live 9R vaccine and a higher
cell-mediated immune response than f-SG. Therefore, the
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development of vaccines using gamma irradiation is expected to
be applicable to various infectious diseases as an effective vaccine
manufacturing method capable of inducing an immune response
at an intermediate level between inactive and live vaccines.
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Supplementary Figure 1 | Measurement of Serogroup B or D specific LPS
antibody responses induced by r-SG. Mice (n = 5 per group) were immunized i.p.
with 1 × 106 CFU of r-SG or f-SG three times at two week intervals and sera were
collected two weeks after the last vaccination. (A, B) Serogroup B or D LPS specific
antibody levels were measured by ELISA. Serogroup B and D-specific IgM (A) and
Serogroup B and D-specific IgG (B). *P < 0.05, **P < 0.01, ***P < 0.001, compared
to unvaccinated mice or f-SG vaccinated group.
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Influenza A virus presents a constant pandemic threat due to the mutagenic nature of the
virus and the inadequacy of current vaccines to protect against emerging strains. We have
developed a whole-inactivated influenza vaccine using g-irradiation (g-Flu) that can protect
against both vaccine-included strains as well as emerging pandemic strains. g-irradiation
is a widely used inactivation method and several g-irradiated vaccines are currently in
clinical or pre-clinical testing. To enhance vaccine efficacy, irradiation conditions should be
carefully considered, particularly irradiation temperature. Specifically, while more damage
to virus structure is expected when using higher irradiation temperatures, reduced
radiation doses will be required to achieve sterility. In this study, we compared
immunogenicity of g-Flu irradiated at room temperature, chilled on ice or frozen on dry
ice using different doses of g-irradiation to meet internationally accepted sterility assurance
levels. We found that, when irradiating at sterilising doses, the structural integrity and
vaccine efficacy were well maintained in all preparations regardless of irradiation
temperature. In fact, using a higher temperature and lower radiation dose appeared to
induce higher neutralising antibody responses and more effective cytotoxic T cell
responses. This outcome is expected to simplify irradiation protocols for manufacturing
of highly effective irradiated vaccines.

Keywords: influenza A virus, gamma radiation, vaccine, sterility assurance level (SAL), irradiation conditions,
universal influenza A vaccine
INTRODUCTION

Influenza A virus (IAV) is a major health concern and causes significant morbidity and mortality on
a global scale. The most at-risk groups for development of serious IAV symptoms or secondary
complications are infants, the elderly, the immunocompromised, and pregnant women (1).
Vaccination remains the most effective method to combat IAV infection, though current
inactivated vaccines have major valency and efficacy limitations. Existing formulations consist of
purified IAV surface proteins haemagglutinin (HA) and neuraminidase (NA) of 2 IAV strains and
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an additional 1 or 2 influenza B virus strains predicted to
circulate in a given year. Whilst effective at protecting against
‘vaccine-included’ strains, the immune responses induced by
current IAV vaccines are antibody-based only and provide
minimal protection against strains not included in a given
formulation (i.e. non-vaccine strains). In general, current IAV
vaccines are ineffective against newly emerging seasonal strains
and novel pandemic strains and must also be updated and
redistributed every year due to the highly mutagenic nature of
IAV surface proteins.

In order to increase vaccine coverage and minimise IAV-
related morbidity and economic costs, new cross-protective IAV
vaccines must be developed. Our group has previously
demonstrated that a gamma (g)-irradiated whole-inactivated
IAV vaccine (g-Flu) has the ability to induce cross-protective
responses against vaccine-included and non-included strains (2).
Our previous publications illustrated that mice vaccinated with a
single dose of g-Flu (consisting of a H1N1 strain) were able to
survive a lethal dose of a non-vaccine H1N1 strain (drifted), a
heterosubtypic H3N2 strain (3), and the highly pathogenic avian
H5N1 (4). The ability of g-Flu to induce cross-protective
immunity is specifically due to induction of cytotoxic T-cell
responses against conserved internal IAV proteins (5).

In addition to our work on the development of g-Flu (6, 7),
several vaccines using g-irradiation are currently in clinical trials
including vaccines against human immunodeficiency virus (8)
and malaria (9, 10). Given these promising results, it is crucial to
determine the optimal conditions to ensure both sterility and
high immunogenicity of g-irradiated vaccines. Importantly, all g-
irradiated products intended to come into contact with human
tissue must meet the internationally accepted sterility assurance
level (SAL) of 10-6, or a one in a million chance that an infectious
unit escapes sterilisation (11). In general, while the sterilising
dose required to achieve an acceptable Sterility Assurance Leve
(DSSAL) is dependent upon starting titre, it is heavily influenced
by environmental conditions, particularly irradiation
temperature (12). For example, viruses irradiated at lower
temperatures (e.g. whilst frozen) are expected to be more
resistant to irradiation damage. It is well-established that g-
irradiation causes damage to pathogens via two mechanisms,
termed the direct and indirect effects. The slower inactivation of
frozen materials is due to reduced indirect effects, as the
production and movement of damaging free radicals is
physically restricted (13, 14). This preserves antigenic epitopes
within vaccine preparations (15, 16), but requires increased
irradiation doses to achieve sterility. Large-scale irradiation of
vaccine materials whilst maintained in a frozen state is likely to
pose feasibility issues. Conversely, adopting a higher irradiation
temperature (e.g. room temperature) increases viral sensitivity to
irradiation damage, resulting in a much lower sterilising doses
and faster irradiation time (12). This should increase the
practicality of inactivation methods when scaled-up for
manufacturing, particularly if vaccine immunogenicity is
maintained. However, while faster inactivation at higher
temperatures is desirable for most irradiated products (e.g.
medical items, foods, etc.), the immunogenicity of vaccines
Frontiers in Immunology | www.frontiersin.org 223
treated in this manner is expected to be reduced due to
amplification of indirect effects (17–19). Thus, an appropriate
balance between sterilisation requirements and vaccine
antigenicity should be assessed. In fact, previous studies did
not address vaccine efficacy after irradiating with different doses
that achieve the SAL at different irradiation temperatures.

In this study, we calculated the DSSAL for g-Flu irradiated on
dry ice (DI), ice or at room-temperature (RT). We subsequently
assessed structural integrity and vaccine efficacy of these three
preparations in animal models. Our data show that vaccine
efficacy is well maintained when irradiating at higher
temperatures using lower doses of sterilising radiation. This
could potentially open an avenue to use lower radiation doses
to reduce manufacturing time and costs, while suitably
maintaining both sterility and vaccine immunogenicity.
MATERIALS AND METHODS

Ethics Statement
This study was conducted in compliance with the Australian
Code of Practice for the Care and Use of Animals for Scientific
Purposes (20). These studies were approved by the University of
Adelaide Animal Ethics Committee under ethics approval
number S-2018-013.

Virus Stocks
Influenza A/Puerto Rico/8/1934 [H1N1] (A/PR8) and A/
California/07/2009 [H1N1] (A/California) were grown in the
allantoic cavity of 10-day-old embryonated chicken eggs at 37°C
for 48 hours. Eggs were then chilled at 4°C overnight, and
infected allantoic fluid was harvested and clarified by
centrifugation at 3272 × g for 10 minutes.

Vaccine concentration and purification was performed by
haemadsorption as described previously (21). Briefly, infected
allantoic fluid was incubated with chicken erythrocytes at 4°C for
1.5 hours to allow virus adsorption to red blood cells (RBCs).
Samples were then centrifuged to pellet virus-RBC complexes,
and allantoic fluid supernatant was removed. Pellets were
resuspended in 0.85% saline and incubated at 37°C for 1.5
hours to allow virus release from RBCs. Samples were then
centrifuged to pellet RBCs, and the virus-containing supernatant
was collected, aliquoted and stored at -80°C until required. Titres
of concentrated IAV stocks were estimated as 3 × 109 TCID50/
mL and 4 × 107 TCID50/mL for A/PR8 and A/California,
respectively, by TCID50 assay.

Gamma Irradiation of IAV Vaccines
Concentrated IAV stocks of A/PR8 at a TCID50 of 3 × 109

TCID50/mL were inactivated by g-irradiation at the following
temperature conditions: frozen on dry-ice (DI, approximately
-78.5°C), cold on ice water (ice, 4-8°C) or at room temperature
(RT, 24-27°C), generating DI-g-Flu, Ice-g-Flu, and RT-g-Flu
respectively. Sterilising doses were calculated as described
previously to be 35 kGy for DI-g-Flu and 16 kGy for Ice- and
RT-g-Flu (12).
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Irradiation was performed using a cobalt-60 batch-type
gamma irradiator at the Australian Nuclear Science and
Technology Organisation (ANSTO, NSW). Samples for
irradiation were double-contained in cryovials within 10 ml
falcon tubes and placed in a 45 litre cooler box, sited in a
fixed, reproducible location within the irradiation room.
Samples were placed in pre-determined positions in the cooler
box at various distances from the radiation source so that
multiple doses could be delivered simultaneously. The cooler
box was then filled with water (RT), chilled water containing ice
blocks, or powdered dry ice for the different temperature
conditions. Radiation doses were measured using calibrated
Fricke (22) and ceric-cerous dosimeters (23) and dose rates
varied from 0.3-1.6 kGy/h.

Temperature was monitored with a calibrated digital
temperature probe connected to a data logger (Novus LogBox-
AA) for ice and RT samples for the duration of irradiation, and
non-irradiated control samples were subject to the same
temperature conditions, stored out of the irradiation room.
After irradiation, all samples were stored at -80°C until required.

Virus Titrations
IAV was titrated by 50% tissue culture infectious dose (TCID50)
assay using Madin-Darby canine kidney (MDCK) cells. MDCK
cells were maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM) with 10% foetal bovine serum (FBS) and 1% penicillin/
streptomycin (P/S). MDCK cells were kept at 37°C with 5% CO2

and were passaged with trypsin when they reached
approximately 90% confluence. For TCID50 assay, MDCK cells
were seeded in 96-well round-bottomed plates at 5 × 104 cells/
well. After 24h incubation, confluent cell monolayers were
infected with 10-fold serial dilutions of IAV in DMEM
supplemented with 8% trypsin for virus activation. Plates were
incubated at 37°C for 3 days, then amplified virus in culture
supernatants was detected by the addition of 0.6% packed RBCs
based on pellet or mesh formation, with a mesh being considered
positive for IAV. 50% infectious doses (TCID50/mL) were
calculated using the Reed and Muench method (24).

For haemagglutination assays, serial dilutions of IAV were
performed in 0.85% saline in a 96-well round-bottomed
microtitre plate. 0.6% packed RBCs in 50mL were added to
each well and plates were scored for mesh or pellet formation.
The reciprocal of the highest virus dilution showing a mesh was
used to determine the total haemagglutination units (HAU/mL).

Sterility testing was also performed after g-irradiation of A/PR8
to ensure that the doses selected were sterile. MDCK cells were
plated in 96-well flat-bottomed microtitre plates at 2 × 104 cells/
well. g-Flu was activated with 10mg/mL TPCK-trypsin at 37°C for
30 minutes then diluted 1:10 in DMEM + 1% P/S + 0.5mg/mL
TPCK-trypsin. Inoculum was added to MDCK cells at an MOI-
equivalent of 600 and cells were then incubated at 37°C for 24
hours to allow virus replication (passage 1). Supernatant was then
collected and used to infect fresh MDCK monolayers (passage 2).
This was then repeated for passage 3. At the time of collecting
supernatant, cells were washed with PBS then fixed and
permeabilised with 1:1 acetone:methanol (v/v) at 4°C for 15
minutes. Cells were then stained with polyclonal mouse anti-A/
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PR8 serum (1:200 dilution in PBS) for 1 hour at 4°C followed by
Alexa-fluor® 488 goat anti-mouse IgG secondary antibody (Life
Technologies, 1:500 dilution). DAPI was used to stain cell nuclei
(1mg/mL in DAPI). Images were taken using the Nikon TiE
inverted fluorescence microscope and analysed using NIS
elements software (Tokyo, Japan).

Neuraminidase Assay
Two-fold serial dilutions of live and irradiated IAV samples were
performed in PBS in triplicate. Samples were then incubated with
0.125mM of 2’-(4-Methylumbelliferyl)-a-D-N-acetylneuraminic
acid (4-MUNANA, Sigma M8639) at 37°C for 1 hour, facilitating
cleavage of 4-MUNANA by active IAV neuraminidase (NA) into
the fluorescent substrate 4-Methylumbelliferyl (4-MU). 4-MU
(Sigma M1381) was also included at increasing concentrations to
generate standard curves. After 1 hour the assay was stopped
with ice-cold 0.5M Na2CO3 at pH 10.5 and read using a
SpectraMax fluorescent plate reader with an excitation
wavelength of 365nm and emission wavelength of 450nm.

Transmission Electron Microscopy
Irradiated IAV at different temperatures was loaded onto 3mm
formvar/carbon coated grids (approx. 3 mL/grid) and left to settle
for 3 to 5 minutes. Grids were blotted to dry, washed, then
stained with 2% uranyl acetate for 3 minutes. Grids were then
washed with PBS and blotted to dry prior to visualisation using
the FEI Tecnai G2 Spirit TEM (Adelaide Microscopy, University
of Adelaide).

Mice
6-8 week old female BALB/c mice were vaccinated intranasally
under ketamine anaesthetic (10% ketamine, 1% xylazil in sterile
water, inject IP at 10mL/gram of body weight) with 32mL of either
PBS (mock-vaccine control) or A/PR8-derived g-Flu irradiated at
different temperatures (9.6 × 107 TCID50-equivalent/mouse).
Immune serum was collected 20 days post-immunisation by
submandibular bleeding. Mice were then challenged intranasally
with lethal IAV on day 21 (3 weeks post-immunisation), under
ketamine anaesthetic as above. Lethal doses were determined by
challenging mice with serially diluted IAV. The lowest virus
concentration that gave 100% lethality in mice was selected (data
not shown). Challenge doses used were 1.6 × 102 TCID50/mouse
for A/PR8 and 1.3 × 105 TCID50/mouse for the human isolate A/
California. A higher dose was required to achieve lethality for A/
California. Weight loss was measured daily for a period of 21
days post-challenge, with a 20% loss of starting body weight was
used as a humane end point.

Antibody Responses
Enzyme-linked immunosorbent assay (ELISA) was used to
measure IgG responses in serum samples from vaccinated and
control mice. Plates were coated with A/PR8 in bicarbonate/
carbonate coating buffer and incubated overnight at room
temperature. Plates were then blocked with 2% skim milk for 2
hours. Serum samples were serially diluted then added to the
plate for 2 hours at room temperature. Plates were washed and
horseradish peroxidase-conjugated goat anti-mouse IgG
November 2021 | Volume 12 | Article 761632

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Singleton et al. Enhanced Immunogenicity of IAV Vaccine
antibody (1:10,000 dilution in blocking buffer, Thermo
Scientific) was added to each well. After 2 hours at room
temperature, plates were washed, and colour was developed
using TMB peroxidase substrate in the dark for 30 minutes
then the reaction was stopped with 2M H2SO4. Absorbance was
measured at 450nm using a Bio-Tek Instruments plate reader.
The reciprocal of the highest dilution to give absorbance readings
higher than naïve mice + 3 standard deviations was considered
the IgG titre.

To measure neutralising antibody responses, a focus-forming
inhibition assay was used. Monolayers of MDCK cells were treated
with 0.1 MOI of A/PR8 that has been pre-incubated with serial
dilutions of immune serum. Virus was allowed 2 hours to adhere to
cells then inoculum was removed, and cells were washed with PBS.
Fresh media was added, and cells were incubated at 37°C for a
further 22 hours. Staining procedure and visualisation were
performed as described for sterility testing. For measuring A/
California neutralisation, the primary antibody used was
polyclonal murine anti-A/California serum (1:200 dilution).
Secondary antibody was Alexa-fluor® 488 goat anti-mouse IgG
secondary antibody (Life Technologies, 1:500 dilution).

Cytotoxic T Lymphocyte Assay
Cytotoxic T lymphocyte (CTL) assays were performed as
described previously (15). Mice were vaccinated intravenously
with 3 × 108 TCID50-equivalent of g-Flu. 7 days later, spleens
were harvested from naïve donor mice, minced, and pushed
through a 70mm filter to generate a single-cell suspension. Cells
were then split into equal populations, and one was pulsed with
Kd-restricted influenza nucleoprotein (NP) peptide (NPP,
sequence: TYQRTRALV) and stained with CFSE (NPP-
Pulsed). The second population was stained with cell tracker
red (CTR) only (Unpulsed). The cells were mixed at a 1:1 ratio
and injected intravenously into vaccinated and non-vaccinated
control mice at 107 cells/mouse. 24 hours later, all mice were
sacrificed, and spleens were harvested and processed into a
single-cell suspension prior to fixing using 1% PFA. Labelled
pulsed and non-pulsed cells were acquired using the LSRII flow
cytometer (BD Biosciences), and data was analysed using FlowJo
software (Treestar Incorporated).

Statistical Analysis
Statistical analysis was performed using GraphPad Prism version
8 (GraphPad Software, La Jolla, CA, USA). Quantitative results
were expressed as mean ± SEM. One-way ANOVA (with Tukey’s
multiple comparisons test) was used for comparison of data from
3 or more groups. Survival data were analysed using Fisher’s
exact test (two-tailed). P-values < 0.05 (95% confidence) were
considered statistically significant.
RESULTS

Structural Integrity of g-Flu
The aim of this study was to compare immunogenicity of
vaccines irradiated to the SAL across different temperatures.
Sterilising doses required to reduce virus titre to an acceptable
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SAL of 10-6 were calculated as described previously (12). For DI-
irradiation, the DSSAL was determined to be 35 kGy (DI-g-Flu)
and for ice- and RT-irradiation the sterilising dose was calculated
to be 16 kGy (Ice-g-Flu, RT-g-Flu). Sterility testing based on
multiple in vitro passages was performed to ensure complete
inactivation of irradiated materials. Live and irradiated IAV
samples were passaged three times in MDCK cells, with
supernatants from each treated monolayer (or passage) used to
treat the next MDCK monolayer. After 3 passages, monolayers
were fixed and stained for IAV infection. No virus infectivity was
detected in any of the MDCK monolayers treated with irradiated
preparations for all 3 passages, whereas replication of live virus
was amplified at each passage (Figure 1). The irradiated
materials were thus confirmed to be sterile and appropriate for
subsequent in vitro and in vivo experiments.

The structural integrity of the IAV within each vaccine
preparation was then assessed by HA and NA functionality
assays. While hemagglutination assay show reduced HA
activity for all g-Flu preparations compared to live IAV
(Figure 2A), no significant difference was detected between the
three irradiated samples despite the highly varied temperature
conditions used for irradiation. Furthermore, Figure 2B
demonstrates that the functionality of NA proteins in each g-
Flu preparation was not affected by irradiation, with all three
vaccine formulations showing comparable NA enzymatic
activity to live IAV. Transmission electron microscopy was
then used to examine whole virion structure. Representative
images in Figure 2C show that virions within all three
irradiated preparations were intact and retained spherical IAV
structure. This shows that in addition to having minimal impact
on surface proteins, exposing IAV to DSSAL at relative
temperature conditions does not cause substantial damage to
viral envelopes.

Efficacy of g-Flu in Mice
Given that all three g-Flu preparations appeared suitably intact in
terms of virion structure and protein functionality, we next
assessed their efficacy as vaccine candidates in animal models.
Initially, mice were vaccinated intranasally with a single dose of
each vaccine preparation (DI-g-Flu, Ice-g-Flu, or RT-g-Flu), or
with PBS as a mock-vaccine control. 20 days post-immunisation,
sera was harvested from all animals and an ELISA was performed
to determine IAV-specific IgG titres. As shown in Figure 3A, all
three g-Flu preparations induced strong IgG responses above
PBS-mock control levels, and no significant difference was
detected between IgG titres induced by the three g-Flu
preparations. Interestingly, whilst not significant, there was a
trend towards lower IgG responses detected in serum samples
from mice vaccinated with DI-g-Flu.

Following this, a focus-forming inhibition assay was
performed to determine the ability of g-Flu-induced antibodies
to inhibit receptor binding and IAV infection. Neutralising
antibody responses are crucial for protection against
homotypic IAV infection, thus it is important to assess
antibody functionality in addition to overall titre. Serum
samples from g-Flu-vaccinated and control mice were used to
treat live A/PR8, and virus:serum mixtures were used to infect
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FIGURE 1 | Sterility of g-irradiated IAV. Sterility of g-Flu was assessed by multiple passages in MDCK cells. Live A/PR8 or no virus were used as controls. g-Flu was
added to cells at an MOI equivalent of 600. Supernatant from passage 1 was collected 24 hours later and used to infect monolayers of MDCK cells for passage 2,
this was then repeated for passage 3. Cell monolayers were stained with DAPI (blue), and IAV-positive cells were visualised with FITC-fluorescence (green). Samples
were tested in triplicate and representative images are presented for each group at each passage.
A B

C

FIGURE 2 | Structural integrity of IAV is maintained after g-irradiation at different temperatures. g-Flu preparations were inactivated with either: 16 kGy at RT, 16 kGy
on ice, or 35 kGy on DI. Structural integrity of these preparations was then assessed by (A) haemagglutination assay, (B) neuraminidase assay and (C) transmission
electron microscopy. Quantitative data is expressed as mean ± SEM (n = 3). Data is analysed by one-way ANOVA and results were not significant.
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monolayers of MDCK cells. After a 22h incubation period, cells
were stained with DAPI to visualise cell nuclei, and with murine
anti-APR8 and FITC-conjugated anti-murine antibodies to
visualise IAV-infected cells. Fluorescence levels of each
fluorophore were quantified, and FITC-fluorescence relative to
DAPI-fluorescence was calculated to determine the average IAV
infectivity per cell. Quantified fluorescence of serum-treated
virus samples were then compared to untreated virus only
controls. As shown in Figure 3B, no reduction in infectivity
was detected for virus treated with PBS-mock control sera,
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indicating that the murine sera from naïve animals had no
effect on IAV infectivity. Conversely, infectivity was
significantly reduced when A/PR8 was treated with serum
from DI-, Ice- and RT-g-Flu vaccinated mice. Interestingly,
immune sera from mice vaccinated with Ice- and RT-g-Flu was
significantly more effective at neutralising A/PR8 when
compared to immune sera from mice vaccinated with DI-g-
Flu. Representative images of virus neutralisation were also taken
at a 1:10 serum dilution, and similarly demonstrate a clear
reduction in foci for all g-Flu groups, with antibodies induced
A B

C

FIGURE 3 | DI-g-Flu induces reduced neutralising antibody responses when compared to Ice- and RT-g-Flu. Mice were vaccinated intranasally with DI-g-Flu, Ice-g-
Flu, RT-g-Flu or PBS. Serum samples were collected 20 days post-vaccination. (A) IgG responses were measured by direct ELISA. Data is collated from two
independent experiments (n = 5 mice per repeat) and analysed by One-Way ANOVA (not significant difference). (B) Neutralising antibody responses were measured
by FFI. Live virus was treated with pooled naïve serum or pooled immune serum from vaccinated mice (n = 10 serum samples pooled within each vaccine group),
then virus:serum mixtures were used to infect MDCK cell monolayers at MOI = 0.1. Each virus:serum mixture was tested in triplicate. FITC-fluorescence was
quantified as an indicator of IAV infection and was normalised using the corresponding DAPI-fluorescence in each well (indicates the number of cell-nuclei). Data
presented as mean FITC fluorescence ± SEM and analysed by one-way ANOVA (****p < 0.0001, ns, no significance). (C) Representative images from FFI assay
showing IAV infectivity levels after treatment with pooled naïve and immune serum at a 1:10 dilution.
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by Ice- and RT-g-Flu vaccination being the most effective
(Figure 3C). This trend is likely due to the higher titre of total
IgG present in immune sera from Ice- and RT-g-Flu vaccinated
animals, compared to those immunised with DI-g-Flu.

Given the observed differences in functionality of g-Flu-
induced antibodies, we challenged vaccinated animals with live
IAV to assess if these variations would translate to detectable
differences in protective efficacy. Initially, the ability of DI-, Ice-,
and RT-g-Flu to mediate homotypic protection was investigated.
Three weeks post-vaccination, mice were challenged with a lethal
dose of homotypic A/PR8. No clinical symptoms were observed
and no weight loss was recorded for all vaccinated groups, in
contrast to PBS-mock control mice that succumbed to A/PR8
challenge and showed progressive weight loss to reach the
humane end point of 20% body weight loss by day 7 post-
infection (Figure 4A). Importantly, all vaccinated mice,
irrespective of vaccine irradiation temperature, show 100%
survival based on using 20% bodyweight loss as the humane
end point (Figure 4B). This indicates that the antibody responses
shown in Figure 3, though variable, were sufficient to induce
robust homotypic protection.

Importantly, a key feature of g-Flu is its ability to induce
cross-protective CD8+ T-cell responses against vaccine and non-
vaccine IAV strains. To assess the effect of the differential
irradiation temperatures on the induction of CD8+ T-cell
responses, an in vivo CTL assay was performed. Here, the
killing of IAV NPP-pulsed splenocytes (target cells) was
assessed in vaccinated and non-vaccinated animals. NP has
been identified as a key CD8+ T cell IAV antigen (25). As
shown in Figure 5, splenocytes from naïve control mice show
a 1:1 ratio of pulsed target cells to unpulsed cells, indicating no
non-specific killing of targets cells in vivo. Conversely, we
detected a substantial loss of NPP-pulsed cells relative to
unpulsed cells in all three g-Flu vaccinated groups. This
demonstrates the ability of all g-Flu preparations to induce a
robust IAV-specific CTL responses as pulsed target cells were
Frontiers in Immunology | www.frontiersin.org 728
lysed within 24h of injection into immunised animals.
Interestingly, animals vaccinated with Ice-g-Flu and RT-g-Flu
showed significantly more effective CTL responses (97% and 93%
killing of IAV-pulsed targets, respectively) compared to animals
vaccinated with DI-g-Flu (73% killing of IAV-pulsed targets).

Enhanced IAV-specific CTL responses should theoretically
translate to enhanced cross-protection against newly emerging
IAV strains. To assess this, mice were vaccinated intranasally
with different g-Flu preparations (based on A/PR8 [H1N1]), or
PBS-mock control. Three weeks later, mice were intranasally
challenged with a lethal dose of A/California, the pdmH1N1
strain. As shown in Figure 6, all vaccinated and non-
vaccinated mice experienced some weight loss following A/
California infection, however mice vaccinated with Ice-g-Flu
showed less weight loss and faster recovery than the other
vaccine groups. Furthermore, 100% survival was recorded for
mice vaccinated with Ice-g-Flu and RT-g-Flu, whereas 86%
survival occurred in mice vaccinated with DI-g-Flu (1 out of 7
mice reached the humane end point of 20% weight loss).
Overall, while g-Flu vaccination was associated with
significantly less weight loss and faster recovery time in all
vaccinated groups, only Ice-g-Flu and RT-g-Flu was
associated with significantly higher survival rates compared
to the unvaccinated group. This outcome is consistent with the
enhanced CTL responses (Figure 5). To rule out the possibility
that the protection demonstrated in Figure 6 was mediated by
neutralising antibody responses, we tested the ability of serum
generated by different g-Flu preparations to neutralise A/
California. Live A/California was treated with serial dilutions
of serum generated by DI-, Ice- or RT-g-Flu, or naïve serum as
a control. Virus + serum was then added to confluent
monolayers of MDCK cells and allowed to adhere for 2
hours before unbound virus was washed away. Cells were
incubated for a further 2 hours at 37°C to allow virus
growth then cells were fixed and stained with murine anti-A/
California serum used as a primary antibody. As expected, we
A B

FIGURE 4 | Vaccination with g-Flu protects against lethal homotypic challenge. Mice were vaccinated intranasally with g-Flu irradiated at different temperatures (DI,
Ice and RT), or PBS-mock control. 21 days later, mice were intranasally challenged with a lethal dose of A/PR8. (A) Weight was monitored daily and a 20% loss of
starting weight was considered as the humane endpoint (dotted line), at which point mice were euthanised. (B) Overall survival was plotted, and a two-tailed Fisher
Exact test was used to determine statistical significance compared to the Mock control group (**P < 0.01, n = 5 mice per group).
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observed no cross-neutralisation generated by A/PR8 based g-
Flu preparations against A/California H1N1 (Figure 7).
DISCUSSION

IAV remains an important public health concern due to its high
mutation rates and potential to cause global pandemics. Current
vaccines only offer strain-specific protection due to the reliance on
humoral immune responses against highly mutagenic HA and
NA surface antigens rather than cross-protective responses
against the conserved internal IAV components. We have
developed an effective whole-IAV vaccine capable of protecting
against multiple IAV strains and subtypes. For this vaccine
candidate, IAV is inactivated using g-irradiation (generating g-
Flu), and the heterosubtypic protection is specifically mediated by
induction of cross-reactive cytotoxic T cell responses (5). While
previous publications illustrated the underlying mechanisms for
the cross-protective immunity, this study aims to improve the
immunogenicity of g-Flu by manipulating irradiation conditions.

Sterilisation of materials for biomedical analysis using g-
radiation is typically performed while the sample is frozen on
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dry ice to minimise structural damage. For example, serum
samples from an Ebolavirus vaccine clinical trial were
irradiated frozen at 50 kGy, and antibody binding detected by
ELISA was well-maintained after this treatment (26). Bone
allografts are also often sterilised whilst frozen, as bones are
less brittle when irradiated on dry ice compared to irradiation
with the same dose at room temperature (27). Our previous
publications describing g-Flu (2–5, 15, 28), g-irradiated
Streptococcus pneumoniae vaccine (g-PN) (29), and a g-
irradiated rotavirus vaccine (30) all used irradiation on dry ice.
Similarly, an experimental Venezuelan Equine Encephalitis
Virus vaccine is also g-irradiated while frozen on dry ice (31).
Importantly, we have specifically advocated for DI-irradiation
over RT-irradiation when using comparable high irradiation
doses, as the use of frozen materials is associated with
enhanced structural integrity and immunogenicity (15).
However , previous studies did not invest igate the
immunogenicity of irradiated materials that received different
sterilising doses relevant to different irradiation conditions.

It is well established that pathogens are more sensitive to
inactivation by g-irradiation at higher temperatures (17–19),
which lowers the total sterilising dose required (12). In fact,
FIGURE 5 | CTL responses are induced by vaccination with g-Flu. Mice were vaccinated intravenously with g-Flu preparations (RT-, Ice-, and DI-g-Flu) or treated
with PBS as mock control. 7 days later equal ratios of NPP-pulsed (CFSE labelled) and unpulsed (CTR labelled) splenocytes from naïve donor mice were injected
into g-Flu vaccinated mice or mock-vaccinated controls. 24 hours later splenocytes were harvested, processed and analysed using flow cytometry. Gating strategy is
shown. The change in ratio of pulsed to unpulsed splenocytes after injection into vaccinated animals was used to calculate the percentage killing of pulsed cells.
Data presented here as mean percentage +/- SEM and analysed using one-way ANOVA (***p < 0.001, ns, not significant, n = 3).
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this is the first study to consider the impact of irradiation
temperature on the DSSAL and directly compare the
immunogenicity of sterile IAV preparations inactivated with
different DSSAL doses of g-rays at different temperatures.
Interestingly, our data show improved vaccine immunogenicity
when using lower irradiation doses at higher temperatures.
While previous studies have shown that more free radicals
form and therefore more protein damage would occur when
irradiating at higher temperatures (18), the lower dose of
radiation required to reach the DSSAL could explain the
efficacy of Ice- and RT-g-Flu. In fact, utilising these conditions
would negate the need to keep samples frozen with an added
advantage of a faster irradiation process.

To ensure that the heightened efficacy of ice and RT-
irradiated samples was not due to residual live virus, sterility
was confirmed for each preparation by three passages in MDCK
cells. We have previously shown this method of sterility testing to
be effective in detecting as little as 2 focus-forming units in a
treated sample (30). Figure 1 clearly shows all three preparations
were free from viable virus over multiple passages. Furthermore,
we used a very high MOI-equivalent of 600 to demonstrate
sterility. Importantly, these data confirm that g-Flu irradiated at
sterilising doses does not have the ability to undergo
recombination to produce viable virions.

We subsequently analysed the structural integrity of these
sterilised g-Flu samples by measuring HA and NA function. We
found equivalent functionality for all preparations tested
Frontiers in Immunology | www.frontiersin.org 930
(Figure 2), which suggests that the g-Flu preparations would
be highly immunogenic due to retained function of key antigens.
Furthermore, IFN-I specifically relies on the ability of IAV HA to
bind to sialic acid receptors on IFN-I producing cells for virus
internalisation (32). In fact, we have previously published the
ability of g-Flu to induce superior IFN-I responses compared to
commercial IAV vaccines and demonstrated IFN-1-dependent T
cell activation (28).

Of interest, current inactivated IAV vaccines induce
antibodies of a narrow breadth, whereas responses to natural
IAV infection include a small population of broadly neutralising
antibodies against the HA stalk (33), an area that is highly
conserved (34). However, antibodies to the HA stalk may still
be overcome by mutations (35). We initially tested the effect of
irradiation temperature on the ability of g-Flu to induce
neutralising antibody responses and homotypic protection.
Interestingly, while all g-Flu preparations induced strong A/
PR8-specific IgG and neutralising responses, Ice-g-Flu and RT-
g-Flu performed better than DI-g-Flu (Figure 3). Nonetheless, all
g-Flu preparations induced complete protection against
homotypic A/PR8 challenge (Figure 4).

We found that Ice-g-Flu and RT-g-Flu also outperformedDI-g-
Flu for induction of CTL responses (Figure 5), and protection
against lethal drifted challenge (Figure 6). It is well established that
live IAV-induces CTL responses that can target the conserved
internal NP, matrix and polymerase proteins (36, 37). Our
previous work has illustrated that antibodies induced by g-Flu
A B
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FIGURE 6 | Vaccination with g-Flu protects against lethal challenge with a drifted IAV strain. Mice were vaccinated intranasally with g-Flu (g-A/PR8 H1N1) irradiated
at different temperatures, or PBS as mock control. 21 days later mice were challenged intranasally with a lethal dose of A/California H1N1. (A-C) Weight loss was
measured daily, with a 20% loss of starting weight (dotted line) was considered as the humane end point. Weight loss was analysed by Two-Way ANOVA.
(D) Survival rates were plotted, and a Two-Tailed Fisher-Exact test was used for analysis by comparing vaccinated groups to the PBS-MOCK vaccinated group
(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001), n = 7 mice/group).
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are strain-specific (3), and that cross-protection arises through
cell-mediated responses (5). In the present study we confirm that
antibodies generated against all three g-Flu preparations were
unable to neutralise the drifted pdmH1N1 (Figure 7), and so
protection demonstrated in Figure 6 is expected to be mediated by
the enhanced CTL responses (Figure 5).

The reduced efficacy of DI-g-Flu compared to RT- and ice-
irradiated preparations suggest that irradiating frozen materials
using high dose may not be the best approach to minimise the
damage to viral proteins. Instead, a balanced irradiation process
that includes the use of low doses of g-rays to inactivate unfrozen
materials at cold or RT conditions could be utilised to produce
highly immunogenic vaccine preparations. Indeed, Cote et al.
(38) showed that the irradiation conditions of anthrax spores
could be adjusted to meet a SAL of 10-6 using room temperature
or ice-irradiation while maintaining the biological structure
required for biomedical testing. This change in irradiation
conditions could overcome biosecurity issues associated with
Frontiers in Immunology | www.frontiersin.org 1031
the inadvertent release of live anthrax spores by the US
Department of Defense (39). A radiation-attenuated malaria
vaccine PfSPZ is reported to receive a low dose of g-irradiation
at RT prior to harvesting the sporozoites from the mosquito (40).

Recently, electron beam (eBeam) irradiation has been
employed as an alternative to g-irradiation. eBeam has several
advantages over g-irradiation including significantly higher dose
rates and safety (41). Importantly, our findings demonstrate that
liquid samples can be highly immunogenic when irradiating to
the DSSAL compared to frozen samples which is expected to
simplify manufacturing procedures for irradiated vaccines
regardless of the technology used. In fact, these findings may
also support the use of eBeam in vaccine development.

In this study, precise calculation of the DSSAL allowed us to
prepare highly immunogenic g-Flu using substantially lower
dose of irradiation while maintaining internationally acceptable
level of sterility. These data also indicate that ice or RT-
irradiation is far less damaging than previously thought if the
A

B

FIGURE 7 | g-Flu does not induce cross-neutralising antibody responses. Mice were vaccinated intranasally with g-Flu (g-A/PR8 H1N1) irradiated at room
temperature (RT), on ice water (Ice) or on dry ice (DI). 20 days post-vaccination immune serum was harvested and the ability to neutralise A/California was measured
by focus-forming inhibition assay. Live A/California was treated with pooled serum samples from the three vaccine groups or with serum from mock-vaccinated mice.
Virus + serum mixtures were used to infect MDCK cell monolayers at MOI of 0.1. (A) FITC-fluorescence (green) indicative of A/California replication was measured
relative to DAPI-fluorescence (blue), indicative of cell nuclei. (B) Representative images of cell monolayers showing A/California infection levels after pre-treatment with
a 1:10 dilution of serum samples. Experiments were performed in triplicate and quantitative data was analysed by One-Way ANOVA. Data was not significant.
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concept of the DSSAL is properly applied. These observations
offer new and improved insights into the use of g-irradiation to
inactivate viruses for vaccine purposes and they could be utilised
to vastly improve the feasibility of scale-up manufacturing.
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Fowl cholera (FC) caused by Pasteurella multocida is among the serious infectious
diseases of poultry. Currently, formalin inactivated FC (FI-FC) vaccine is widely used in
Ethiopia. However, reports of the disease complaint remain higher despite the use of the
vaccine. The aim of this study was to develop and evaluate gamma-irradiated mucosal FC
vaccines that can be used nationally. In a vaccination-challenge experiment, the
performance of gamma-irradiated P. multocida (at 1 kGy) formulated with Montanide
gel/01 PR adjuvant was evaluated at different dose rates (0.5 and 0.3 ml) and routes
(intranasal, intraocular, and oral), in comparison with FI-FC vaccine in chicken. Chickens
received three doses of the candidate vaccine at 3-week intervals. Sera, and trachea and
crop lavage were collected to assess the antibody levels using indirect and sandwich
ELISAs, respectively. Challenge exposure was conducted by inoculation at 3.5×109 CFU/
ml of P. multocida biotype A intranasally 2 weeks after the last immunization. Repeated
measures ANOVA test and Kaplan Meier curve analysis were used to examine for
statistical significance of antibody titers and survival analysis, respectively. Sera IgG and
secretory IgA titers were significantly raised after second immunization (p=0.0001).
Chicken survival analysis showed that intranasal and intraocular administration of the
candidate vaccine at the dose of 0.3 ml resulted in 100% protection as compared to
intramuscular injection of FI-FC vaccine, which conferred 85% protection (p=0.002). In
conclusion, the results of this study showed that gamma-irradiated FC mucosal vaccine is
safe and protective, indicating its potential use for immunization of chicken against FC.
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INTRODUCTION

Poultry production contributes significantly to the livelihoods of
farmers and to the national economic system. However, it is
hampered by various factors, including poor husbandry practices
and poultry diseases (1). Fowl cholera (FC), which is caused by P.
multocida, is among the serious infectious diseases of poultry.
The disease is present globally and endemic to most parts of
Ethiopia with significant economic losses associated with
reduced production and mortality (2). It is vital and preferable
to develop vaccines from locally circulating strains to provide a
robust protection (3). Despite the contribution by the locally
produced formalin-killed FC vaccine in reducing the disease
burden, FC remains to be a big challenge to the poultry sector in
the country. This in part can be explained by the fact that the
current used formalin-inactivated FC vaccine produced by the
National Veterinary Institute (NVI) confers a short duration of
protection (4). In addition, owing to its nature of being
inactivated parenteral preparation, the vaccine is expected to
be a poor inducer of mucosal immunity, which is the desired
protective immunity against mucosal pathogens such as avian
Pasteurella (5).

The route of vaccine administration plays an important and
significant role in practical usage. The fact that parenteral
vaccines induce little-to-none mucosal immunity makes them
poor and ineffective choice to immunize against mucosal
pathogens (6). In addition, mucosal vaccines are easy to
administer and is preferable in case of vaccination campaigns
and in farm settings where there is large number of chickens to
be vaccinated (7). In general, parenteral preparations induce
short-lived humoral immunity, which necessitates booster doses.
However, mucosal vaccines elicit long-lived immunity of both
humoral and cellular nature (8). Therefore, there is an urgent
need to develop effective and safe mucosal vaccines that confer
long duration of protection against mucosal pathogens.

The commonly used chemical inactivation methods has
limitations associated with safety (probably correlated with the
high endotoxin level) and efficacy due to modification of
antigenic components of bacteria, making it less immunogenic
and potent. Furthermore, these vaccine antigens are mostly
presented through major histocompatibility complex (MHC)-II
but not MHC-I pathways by antigen-presenting cells and do not
result in an efficient cell-mediated immune response that is
crucial against many pathogens. Considering recombinant
method of vaccine development against FC might not be a
feasible approach for developing countries because they need
high technical expertise, high-technical facilities, and resource
limitations, as well as the immunity conferred is very limited and
narrow (9).

Radiation inactivation of pathogens has potential applications
in sterilization and the manufacture of biological reagents and
laboratory supplies (10). Exposure to optimum doses of gamma
radiation disrupts the genetic material of the pathogens, making
the microorganism unable to replicate, so it cannot establish an
infection yet leaving some residual metabolic activity. Therefore,
the irradiated microorganisms may still find its natural target in
the host and could effectively be immunogenic (11). The major
Frontiers in Immunology | www.frontiersin.org 235
advantage of ionizing radiation in vaccine development
compared to ultraviolet or chemical agents is its ability to
effectively penetrate through most biological materials and
specifically target nucleic acids whilst causing less damage to
surface antigenic protein, making it preferable to develop safe
and simple vaccines (12). Gamma-irradiated vaccines appear to
be more effective than formalin-killed vaccines against disease
and have the added advantage of a longer storage life than live
vaccines (13). Therefore, the present study was aimed to develop
an improved gamma-irradiated inactivated vaccine against fowl
cholera that stimulates the enhanced mucosal immune response
and is easy for application at the rural setting.
MATERIALS AND METHODS

Study Site
The study was conducted at the National Veterinary Institute
(NVI), Bishoftu; National Institute for Control and Eradication
of Tsetse Fly and Trypanosomosis (NICETT), Addis Ababa; and
Ethiopian Biotechnology Institute, Addis Ababa, from
November 2020 to June 2021.

Experimental Chicken and Their
Management
In this experiment, 250 3-week-old specific antibody negative
(SAN) against FC Bovans brown chickens were used. The parent
stock was not vaccinated against FC. Chicks used for all the
experiments were raised under intensive management system.
The animal experiment rooms were cleaned with disinfectants
and fumigated with formalin before the introduction of chicks
and bedded with disinfected wood shavings. The chickens had
access to feed and water ad libitum throughout the experiment.

Preparation of Avian P. multocida
Inoculum: For Preliminary Study, Vaccine
Preparation, and the Challenge Study
Working seeds of Avian P. multocida biotype A (MK802880, NVI)
were used for vaccine preparation. Lyophilized P. multocida
biotype A was diluted with 2 ml of tryptose soya broth (TSB),
homogenized well and then inoculated into sterile tryptose soya
agar (TSA) supplemented with 10% horse serum and incubated at
37°C overnight. The identity of this isolate was confirmed by both
phenotypic and molecular standard tests. A single colony was
transferred to 2 ml tube containing TSB with 10% horse serum
and incubated for 7 h at 37°C. Then 0.5 ml of the broth culture was
transferred into 30 ml TSB supplemented with 10% horse serum
and incubated overnight. The purity of the P. multocida type A
(PA) inoculum was checked and inoculated into PA production
media at the ratio of 7 ml of inoculum, 7 ml of glucose, and 3 ml of
serum per 300 ml of P. multocida production media, then
incubated for 24 h with slow agitation at 80 rpm (14). The
culture was harvested at the pH of 5.5 to 6.2, which is known to
correspond to the desired titer of 109 CFU/ml and above as
determined by the plate count method. In addition, avian
P. multocida strain was used as challenge strains in the test of
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the vaccines. Freeze-dried stock was reconstituted with 2 ml
tryptose broth (TB), and suspensions were streaked on tryptose
soya agar (TSA) plates incubated for 24 h at 37°C. The culture was
checked for purity and identity. From the culture on TSA, a typical
colony was inoculated to 200 ml TSB and incubated for 7 h at
37°C. These cultures were then adjusted spectrophotometrically at
450 nm (0.475 OD value) and serially diluted in TSB to obtain the
desired titer for challenge (3.5×109 CFU/ml).

Determination of Appropriate Gamma
Radiation Dose for Optimum Inactivation
of Avian P. multocida
The PA production media containing culture was centrifuged at
4,000×g per minute at 4°C for 20 min after determining the time
required to obtain the desired titer (5.6×109 CFU/ml). The
supernatant was discarded, and the cell pellet was washed
twice with PBS and resuspended in PBS with equal volume in
falcon tubes and subjected to gamma irradiation with doses
ranging from 0.5 to 3 kGy at a dose rate of 1.56 kGy/h using a
cobalt 60 irradiation machine (MDS NORDION, Canada)
(15, 16).

The falcon tubes containing the culture were placed vertically
and securely in the gamma chamber and irradiated for different
time periods according to the required doses of gamma rays. The
temperature inside the gamma chamber was maintained at 37–
40°C. After completion of irradiation, each tube was carefully
removed from the gamma chamber and immediately stored at
−4°C for further use. Non-irradiated controls underwent the
same procedure except irradiation. The facility at the National
Institute for Control and Eradication of Tsetse Fly and
Trypanosomosis (NICETT) at Addis Ababa was utilized for
this purpose. Bactericidal activity of the radiation dose was
assessed by subculturing of serial dilution of P. multocida cells
plated on tryptose soya agar plates to quantify CFU. Various
irradiation doses were examined to find the lowest optimum
irradiation at the margin of the lethal dose (17).

Safety and Immunogenicity Study of Avian
P. multocida Irradiated at Different Dose
of Gamma Radiation
Avian P. multocida preparations irradiated at four consecutive
irradiation doses close to complete lethal dose and adjuvanted
with 20% of Montanide/01 PR gel adjuvant were evaluated for
their immunogenicity and safety. The inoculum preparation of
avian P. multocida used for challenge was done as indicated in
above. Thirty chickens were randomly divided into five groups
with six chickens in each group and were intranasally inoculated
with 1 ml of candidate mucosal FC vaccine irradiated with
0.9 kGy (group 1), candidate mucosal FC vaccine irradiated
with 1 kGy (group 2), candidate mucosal FC vaccine
irradiated with 1.1 kGy (group 3), candidate mucosal FC
vaccine irradiated with 1.2 kGy (group 4), and control
inoculated with PBS (group 5). Following vaccination, chickens
were monitored daily for any behavioral changes. Blood samples
were collected from the wing vein at days 0, 14, and 21 post-
vaccination to determine the antibody titer raised against avian
Frontiers in Immunology | www.frontiersin.org 336
P. multocida biotype A (PA) using the indirect ELISA (Product
code: PMS-CHICK-5P, IDvet, France). Safety was assessed by
monitoring administration site reactions such as pain and
swelling, systemic reactions like fever and anorexia, and lesion
in the liver and spleen.

Formulation of the Candidate Gamma-
Irradiated Mucosal FC Vaccine
The 1 kGy gamma-irradiated avian Pasteurella multocida was
chosen for the vaccine preparation since it performed best in
antibody production using I-ELISA test. The inoculum
preparation of avian P. multocida was done as mentioned in
section 3.2.1. The irradiated culture of avian P. multocida
(5.6×109CFU/ml) was adjuvanted with Montanide/01 PR gel to
form the final vaccine preparation. The proportion of
Montanide/01 PR gel adjuvant is made to comprise 20% of the
antigen preparation as recommended by the adjuvant
manufacturer (18). Then, the vaccine was dispensed into vials
of 50 ml volume capacity and checked for its purity and sterility
by using Gram’s stain and culturing on sterility test media such
as tryptose agar, tryptose broth, and Sabouraud agar media.
Finally, the gamma-irradiated fowl cholera vaccine was found
free from any contamination.

Evaluation of the Final Candidate Vaccine
Chickens were allocated into seven groups, G-1 to G-5 based on
the dose of candidate mucosal FC vaccine they received and the
route of administration. Thirty-six (36) chickens from both G-1
and G-2 received the vaccine intranasally (IN) at a dose of 0.5
and 0.3 ml, respectively. Similarly, 36 chickens from G-3 received
the vaccine at a dose of 0.5 ml orally. On the other hand, 20
chickens both from G-4 and G-5 were administered with 0.5 and
0.3 ml of the vaccine intraocularly (IO), respectively. All the
chickens (G-1 to G-5) received three doses of the vaccine
preparations at 3-week interval. Another two groups of
chickens, G-6 (36 chickens) and G-7 (36 chickens), were used
as a comparator and placebo control, respectively. Chickens in
G-6 were administered three doses of 0.5 ml of the commercial
formalin-inactivated FC vaccine (1/20) at 3-week interval
intramuscularly. Finally, all chickens from G-7 received
PBS (Figure 1).

Assessment of the Safety of Mucosal
FC Vaccine
Evaluation of the safety of the vaccine was done according to the
OIE manual for vaccine safety parameter (3), vaccinated
chickens were observed the whole day starting from the time
of vaccination up to the end of the experiment on a daily basis,
and any deviation from normal health using observation of vital
signs was recorded: depression, anorexia, ruffled feather, and any
reaction at the site of injection.

Assessment of Serum and Mucosal
Antibody Response
Antibody responses, serum IgG, and secretory IgA in chickens were
determined by ELISA. Blood samples were collected on days 0, 14,
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21, 42, and 56 of the experiments. In addition, four chickens in each
group except intraocular route were sampled and euthanized on
days 0, 21, 42, and 56 of the experiments, and the tracheal and crop
lavage was performed (Figure 1). Then, the sera or tracheal and
crop lavage solutions were subjected to ELISA procedures. Antibody
responses in the chicken sera were determined by measuring of the
IgG titers using a commercial indirect ELISA test kit (Product code:
PMS-CHICK-5P, IDvet, France). In addition, the secretory IgA was
measured using a chicken IgA sandwich ELISA Kit (CAT. No:
MBS564152MyBioSource, San Diego, USA). The average antibody
titer and the standard error of the mean (SEM) of each group were
computed according to the company’s recommendation.

Assessment of Efficacy of the
Candidate Vaccine
As indicated in Figure 1, 20 chickens from all groups were
challenged with avian P. multocida at a dose of 3.5×109 CFU/ml
2 weeks after the final vaccination. Preparation of avian P.
multocida for challenge study was done as indicated in the
above section. The chickens were followed up for clinical signs
and mortality for 14 days. Necropsy and bacterial isolation were
conducted on dead chickens. The gross lesions were recorded,
and lungs, livers, and spleens were collected for bacterial
isolation by direct culture using TSA with 10% horse serum
followed by identification through morphology, staining, culture,
and finally by species-specific PCR.
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Data Analysis
GraphPad Prism 9 was used to perform statistical analysis. The
antibody titers between the vaccinated groups and the non-
vaccinated control group were performed using a repeated
measures ANOVA test and Tukey multiple comparisons. The
level of significance was recorded at p<0.05. The data were
presented as individual values for each experimental group.
Mean and standard error of means are indicated in lines and
error bars. The survival of chickens was compared between
different treatment and in vivo infection challenge groups
using Kaplan-Meier curve analysis.
RESULTS

Effects of Gamma Irradiation on
Avian P. multocida
Irradiation experiments were conducted to determine the dose
required for the inactivation of avian P. multocida. An exponential
decrease in viability of avian P. multocida was observed while
increasing the dose of gamma irradiation. After 48 h of culturing,
avian P. multocida exposed to doses more than or equivalent to 1
kGy of irradiation had fully inhibited replication, and no growth
was seen (Figure 2). The susceptibility of surface structural
proteins to reactive oxygen species (ROS) damage increases
when the radiation dose is higher than the level that completely
FIGURE 1 | Experimental design groups; treatment, comparator, and control, route of vaccine administration, and number of chickens in each group, number of
chickens used in sampling, and number of chickens used in efficacy study.
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abolished avian P. multocida. Therefore, the lethal dose (1 kGy)
and three doses close to the lethal dose (0.9, 1.1, 1.2 kGy) were
used to select immunogenic dose and safety of irradiated avian P.
multocida in chicken.

Immunogenicity and Safety of Radiation
Inactivated Avian P. multocida Vaccine
Preparations
The safety and immunogenicity of several vaccine preparations
made from avian P. multocida treated with various doses of
gamma radiation adjuvanted with Montanide/01 PR gel
(SEPPIC, France) was investigated. Briefly, 30 chickens were
assigned into five groups (six chickens per group); four groups
were administered 5.6×109 CFU/ml of avian P. multocida
irradiated with 0.9, 1, 1.1, and 1.2 kGy of gamma ray
formulated with Montanide/01 PR gel through IN route.
Another group of six chickens received PBS and was used as a
control. At 14 and 21 days after vaccination, significantly higher
levels of PA-specific IgG antibodies were identified in the serum
of the four vaccinated groups when compared to the PBS-
inoculated control groups (Figure 3). In chickens immunized
with irradiated avian P. multocida at 1 kGy, the average antibody
titer was 0.345 ± 0.095 on day 14 and 0.43 ± 0.12 on day 21, while
in chickens immunized with 0.9 kGy irradiated was 0.22 ± 0.06
and 0.31 ± 0.11. On the other hand, chickens immunized with 1.1
and 1.2 kGy irradiated avian P. multocida produced similar
average antibody titer 0.21 ± 0.06 on day 14 and 0.26 ± 0.11
on day 21. When compared to the other vaccinated chickens
(different gamma irradiation doses), chickens vaccinated with 1
kGy gamma irradiation candidate vaccine generated significantly
higher levels of IgG antibodies in the serum at days 14 and 21
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post-vaccination (p=0.0001). Furthermore, chickens vaccinated
with 0.9 kGy gamma-irradiated candidate vaccine had higher
levels of antibodies as compared to the remaining groups
(p=0.04). There was no clinical evidence of sickness or
injection site reactions in any of the vaccinated chickens. In all
vaccinated groups, no lesion was found in the liver or spleen of
chickens. Irradiation at 1 kGy was chosen as optimum
irradiation dose based on immunogenicity and safety data.
Evaluation of Serum and Mucosal
Antibody Response Against Mucosal
FC Vaccine
Determination of serum IgG titers using an indirect ELISA is
shown in Figure 4. The levels of antibody titers of chickens
against FC on day 0 indicated a low cutoff value of 0.2. The levels
of chicken serum IgG titers were found to be significantly
increased after 2 weeks of the first immunization with the
gamma-irradiated or formalin-inactivated vaccine. At the third
week, a significant difference was observed among all vaccinated
groups, where the average antibody titer of G-2 was 1.13 ± 0.16
compared to 0.97 ± 0.18, 0.59 ± 0.096, 0.61 ± 0.08, 0.77 ± 0.17,
and 0.65 ± 0.15 for G-1, G-3, G-4, G-5, and G-6, respectively.
After the second vaccination, the titers substantially increased in
all chickens and were still significantly higher in the vaccinated
chickens of gamma-irradiated mucosal FC vaccine than in the
corresponding formalin-inactivated vaccinated group (p=0.037)
(Figure 4). Furthermore, peak of average antibody titer in G-1,
G-2, and G-5 was observed after the second vaccination, which is
1.2 ± 0.18, 1.58 ± 0.29, and 1.26 ± 0.24, respectively. As compared
to the other gamma-irradiated FC vaccinated groups, the average
antibody titer of group-3 (0.83 ± 0,23) was low and showed
significant difference compared to Group-2 (p<0.009). However,
there was no significant difference between the mean average
antibody titer of groups of chickens vaccinated orally with the
irradiated FC vaccine (G-3) and those vaccinated with
commercial formalin-inactivated FC vaccine (G-6) throughout
the experiment. After the third vaccination dose, the results of
mean antibody titer of chickens in all groups were similar with
second vaccination dose. On the other hand, the non-immunized
group was found to be seronegative to FC, as the average
antibody levels throughout the experimental period was lower
than the cutoff value. Generally, the results indicated that the
gamma-irradiated vaccine formulations are able to induce serum
IgG against avian P. multocida. With regard to the route of
vaccine administration, the average antibody titer levels of group
2 (0.3 ml, intranasal route) generated significantly higher levels
of serum IgG throughout the experiment (p=0.001). In addition,
group-5 (0.3 ml, intraocular route) produced significantly higher
antibody (IgG) titer after booster immunization (p=0.001).

Secretory IgA was also detected in chickens immunized with
the candidate gamma-irradiated mucosal fowl cholera vaccine
(Figure 5). The levels of average IgA titers of chickens against FC
on day 0 indicated a low cutoff value of 0.043. At the third week, a
significant difference was observed among chickens vaccinated
with the gamma-irradiated vaccine intranasally at two dose rates,
where the average IgA titer of G-1 and G-2 was 0.32 ± 0.05 and
FIGURE 2 | After determination of the desired titer (5.6×109 CFU/ml), the
broth culture was centrifuged at 4,000 revolutions per minute at 4°C for 20
min. The supernatant was discarded, and the pellet of cells was washed
twice with PBS and resuspended in 5 ml PBS in 15 ml falcon tubes and
subjected to gamma irradiation with doses ranging from 0 to 3 kGy at a dose
rate of 1.56 kGy/h using a cobalt 60 irradiation machine (MDS NORDION,
Canada). Bactericidal activity of the radiation dose was assessed by
subcultivation of serial dilution of P. multocida cells plated on tryptose soya
agar plates to quantify CFU. Various irradiation doses were examined to find
the lowest optimum irradiation at the margin of the lethal dose.
November 2021 | Volume 12 | Article 768820

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Dessalegn et al. Chicken, Fowl Cholera, Gamma Radiation, Mucosal Vaccine, P. multocida
0.36 ± 0.12 compared to the control group (0.036 ± 0.02). After
the second vaccination, the titers substantially increased in all
chickens. Comparative evaluation with formalin-inactivated FC
vaccine showed that chickens vaccinated with the gamma-
irradiated candidate vaccine displayed significantly higher
average antibody titer of 1.23 ± 0.06 and 1.46 ± 0.22 in G-1
and G-2, respectively, than the chickens immunized with
formalin-inactivated vaccine with 0.46 ± 0.09 mean value.
After the third vaccination dose, a significant difference was
observed among all vaccinated groups compared to the control
group (p<0.05). Like that of the serum IgG of chickens, the
average IgA titers of the chickens vaccinated with gamma-
irradiated FC vaccine orally were low and significantly different
compared to the intranasal route (p=0.026). In the control
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groups, no response was observed in antibody titers to avian
P. multocida throughout the experiment. Generally, significant
levels of IgA were detected only in gamma-irradiated mucosal
fowl cholera immunized chickens, but not in that of formalin-
inactivated fowl cholera immunized chickens (p=0.034). These
results suggest that gamma-irradiated mucosal fowl cholera
vaccine is more potent in enhancing or inducing avian P.
multocida–specific antibodies on the airway mucosal surface
more than formalin-inactivated fowl cholera vaccine.

Evaluation of Protective Efficacy of
Mucosal FC Vaccine
A total volume 0.5 ml of bacterial suspension containing
3.5×109CFU/ml of avian P. multocida biotype A was
FIGURE 3 | A total of 30 chickens were assigned into five groups, with each group having six chickens. Chickens in groups 1, 2, 3, and 4 received 5.6×109 CFU/ml
of avian P. multocida irradiated with 0.9, 1, 1.1, and 1.2 kGy of gamma rays and adjuvanted with Montanide/01 PR gel, respectively, through IN route. Chickens in
group 5 received PBS and were used as a control. Blood samples were taken at days 0, 14, and 21. Serum was analyzed for the presence of IgG. The data were
presented as individual values for each experimental group. Mean and standard error of means are indicated in lines and error bars. Asterisk (*) represents the
significant differentiation of antibody IgG level compared to the non-vaccinated control group (*p < 0.05, **p < 0.01).
FIGURE 4 | A total of 220 chickens were assigned into seven groups: G-1 to G-5 based on the dose of candidate gamma-irradiated FC vaccine they received and
the route of administration. Chickens in both G-1 and G-2 received the vaccine by intranasal route at a dose of 0.5 and 0.3 ml, respectively. Similarly, chickens in G-
3 received the vaccine at a dose of 0.5 ml orally. On the other hand, G-4 and G-5 were administered 0.5 and 0.3 ml of the vaccine through the intraocular route (IO),
respectively. Another two groups of chickens, G-6 and G-7, received 0.5 ml of the commercial formalin-inactivated FC vaccine intramuscularly and 0.3 ml of PBS
intranasally as comparator, respectively. Blood samples were taken at days 0, 14, 21, 42, and 56. Serum was analyzed for the presence of IgG. The data were
presented as individual values for each experimental group. Mean and standard error of means are indicated in lines and error bars. Asterisk (*) represents the
significant differentiation of antibody IgG level compared to the non-vaccinated control group (*p < 0.05, **p < 0.01).
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administered intranasally. Complete protection of the chickens
from fowl cholera was conferred by vaccination with the intranasal
route of gamma-irradiated fowl cholera vaccine or by intraocular
route of gamma-irradiated fowl cholera (0.3 ml/dose) vaccine. The
protective efficacy in the chickens immunized with the gamma-
irradiated oral vaccine and formalin-inactivated FC vaccine was 85
and 80%, respectively, while in those immunized with the gamma-
irradiated intraocular (0.5 ml) vaccine was 90%. According to the
log-rank test for equality survival function, vaccinated groups in
both vaccine types showed significant difference compared to the
control group (p<0.001). Furthermore, there was significant
difference between the protection conferred by the gamma-
irradiated mucosal fowl cholera vaccine and formalin-inactivated
FC vaccine (p<0.001). In addition, the survival rate of chickens
vaccinated with gamma-irradiated FC vaccine intranasally was
significantly different compared to chickens vaccinated through
the oral route (p<0.001).

Based on the curve, there was not any chicken that survived
after exposure to the challenge bacterial strain in the control
group. The death of chickens started 2 days after challenge, and
all of the chickens in this group died within 7 days. In addition,
three and four chickens in gamma-irradiated mucosal FC
vaccine through oral route and formalin-inactivated
immunized groups, respectively, and two chickens in the
gamma-irradiated mucosal FC vaccine through intraocular
route (0.5 ml/dose) immunized group died within 10 days,
respectively (Figure 6).

Clinical Signs, Gross Lesions, and
Bacterial Isolation
After challenge, no behavioral changes were detected in the groups
of chickens immunized with gamma-irradiated mucosal FC
vaccine through intranasal and intraocular (0.3 ml/dose) routes.
In the control groups, chickens manifested clinical signs at 24 h
after the challenge exposure, including depression, anorexia, and
severe diarrhea. During the period of 4 days, the severity increased
rapidly, resulting in the death of several chickens, and all of the
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chickens in this group died within 7 days. In addition, seven and
eight chickens in the gamma-irradiated mucosal FC vaccine
through oral route and formalin-inactivated immunized groups,
respectively, and five chickens in the gamma-irradiated mucosal
FC vaccine through intraocular route (0.5 ml/dose) immunized
group started to display depression and anorexia 5 days after the
challenge exposure. Among these chicken, three, four, and two
chickens then died within 10 days, respectively.

All of the dead chickens in this investigation had characteristic
lesions of fowl cholera, including lung congestion, lung edema, and
numerous petechiae in the liver, hemorrhage in the small intestine,
splenomegaly, and fibrinopurulent peritonitis, according to
necropsy results (Figure 7). In addition, the dead chickens were
also subjected to isolation and identification of avian P. multocida.
The findings revealed that avian P. multocida was recovered in
pure cultures from all of the dead chicken specimens, which was
furthermore confirmed by species-specific PCR.
DISCUSSION

Fowl cholera caused by P. multocida is a highly contagious
disease of poultry presenting as one of the major challenges
worldwide. It affects the poultry industry, incurring economic
losses due to loss of products (19). The development of vaccine to
control FC has proven to be a challenge for years. An effective
vaccine must be safe and needs to provide sustained protection
with elimination of the challenge infection. Live and formalin-
inactivated FC vaccines have been extensively used and
succeeded in reducing infection and the prevalence of disease
in poultry but have limitations associated with safety and elicit
protections of short duration (20). In addition, parenteral
vaccines have limited ability of inducing mucosal immunity,
which is key in protection against infection or disease by mucosal
pathogens. Furthermore, parenterally administered vaccines are
stressful to birds and not suitable for mass vaccination, requiring
much labor and time. Currently, there is a need for mucosal
FIGURE 5 | A total of 80 chickens were chosen from all groups. Tracheal (G-1, G-2, G-4, and G-7) and crop lavage (G-3) was taken from four chickens from each
group that were euthanized on different period of interval: day 0, 21, 42, and 56 of the experiment; thus, a total of 16 chickens from each group were euthanized for
this purpose. Trachea and crop were washed by glycine buffer and analyzed for the presence of IgA. The data were presented as individual values for each
experimental group. Mean and standard error of means are indicated in lines and error bars. Asterisk (*) represents the significant differentiation of antibody IgA level
compared to the non-vaccinated control group (*p < 0.05).
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vaccines against pathogens that invade via the mucosal surfaces.
This route of vaccine delivery would also eliminate needle
injections (7).

The present study is aimed to develop and evaluate gamma-
irradiated mucosal FC vaccine that can be utilized nationally to
curb the impact of the disease in Ethiopia as well as in other
African countries. In a preliminary study we conducted, fresh
cultures of avian P. multocida (5.6×109 CFU/ml) were irradiated
with different doses (0.9, 1, 1.1, and 1.2 kGy) of gamma radiation.
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Then, the safety and immunogenicity of these preparations [after
addition of Montanide gel/01 PR adjuvant (18)] were evaluated
in chickens to select the superior radiation dose. Accordingly,
irradiation with 1 kGy resulted in safe and immunogenic
preparation as evidenced by the higher titer of antibody
elicited in chickens and its safety.

Gamma irradiation has been used extensively as an
alternative inactivation method of pathogens because of its
high penetrability, which allows bacterial inactivation in large
FIGURE 6 | Each group comprises 20 chickens that had been followed for the period of 14 days. The chickens in the treatment and control groups were given 0.5
ml of avian P. multocida biotype A. The data were used to determine the Kaplan-Meier estimates (the product limit estimate) of both the control and the treatment
groups. The curve takes a step down when the chickens were dead.
FIGURE 7 | The picture from (A–D) indicated the chickens died after challenge with P. multocida biotype A at day 56 and the postmortem result. (A, B) indicated
the dead chickens within 2 weeks. (C, D) indicated splenomegaly and petechial and congested lung.
November 2021 | Volume 12 | Article 768820

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Dessalegn et al. Chicken, Fowl Cholera, Gamma Radiation, Mucosal Vaccine, P. multocida
volumes within a short time via damage of nucleic acid (11).
Several previous reports have suggested that nucleic acids rather
than proteins are the primary targets of gamma irradiation to
inactivate microorganisms. For example, gamma-irradiated S.
pneumoniae vaccine produced after inactivation with 10 kGy
gamma irradiation elicits strong mucosal and systemic immune
responses in mice model, which is indicative of the affectivity of
gamma irradiation as a method for the development of a killed
whole-cell pneumococcal vaccine (21). Furthermore, sterilization
doses for radiation-sensitive organisms could be significantly
reduced, which would be expected to reduce damage to epitopes
required to develop a protective immune response while
maintaining an adequate margin of safety to ensure complete
inactivation (22).

In our study, a dose range of 1–3 kGy completely inactivated
the avian P. multocida as confirmed by the subculturing on TSA
and TSB while retaining its immunological properties. There are
no available reports on inactivation of avian P. multocida using
gamma rays. However, M. haemolytica was reported to be
successfully irradiated using gamma rays of 20 kGy doses, a
dose selected to be optimal for vaccine preparation (23).
According to our study, radiation with 1 kGy resulted in no
avian P. multocida cell survival, and the resultant vaccine
formulation induced significantly higher antibody response
than the formalin-inactivated vaccine. This implies that
gamma irradiation efficiently inactivates bacteria with less
impact on antigenic structures (determinants), leading to a
robust immune response. In contrast, formalin inactivation has
been known to induce the formation of methylene bridges
between amino groups, resulting in protein cross-linking,
affecting antigenicity (24).

One of the key determinants of effectiveness of vaccines is
the adjuvant selection. Montanide gel/01 PR is an innovative
polymeric adjuvant designed to improve the safety and
efficacy of aqueous vaccines. Those adjuvants are based on a
dispersion of highly stable gel particles of sodium polyacrylate
in water (25). The depot effect with slow release due to
polymer adsorption properties improves the recruitment of
the innate immune system. It provides a significant
enhancement of systemic and mucosal immune responses
with a better safety performance than potassium aluminum
sulfate (Alum) (26). Based on our finding, it can be speculated
that the presence of Montanide gel in our vaccine formulation
contributed for its better immunogenicity and efficacy as
compared to formalin-inactivated FC vaccine. However, this
requires further investigation.

Avian P. multocida is known to cause disease in poultry
species by infecting or entering through the mucosal surface of
the upper respiratory tract. Thus, the first line of defense of the
host is invoked against inhaled antigens, making the respiratory
route potentially the most effective route for vaccination that is
capable of inducing both systemic and mucosal immunity (8).
Mucosal vaccines administered through IN route mimics the
route of natural infection of mucosal pathogens such as avian P.
multocida, which in turn would result in protective immune
response than injectable preparations (6).
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The gamma-irradiated mucosal FC vaccine developed in this
study was evaluated for its ability to induce both serum IgG and
mucosal IgA in chickens. In chicken sera, IgG is the most
common immunoglobulin form, and secretory IgA is produced
locally by plasma cells located at mucosal surfaces and plays an
important role in mucosal immunity (27). This finding
indicated that antibody titers in sera of chickens vaccinated
with gamma-irradiated mucosal vaccine were significantly
increased after 2 weeks post-vaccination, but significant
shooting was recorded at 6 and 8 weeks post-vaccination and
is in agreement with (8) and (28), who stated that rOmpH-
LTB-based intranasal and irradiated bacterial vaccines generate
higher humoral immune responses and protection against
extracellular and intracellular bacteria and (29) who
registered that vaccines developed by irradiation have been
found to be strong inducers for humoral immune responses
that make this type of vaccine highly effective.

An interesting finding in our study was the gamma-irradiated
mucosal fowl cholera vaccine led to high levels of P. multocida–
specific serum IgG responses as compared to formalin-
inactivated fowl cholera vaccine. This might be due to highly
preserved immunogenic properties of protein antigens even after
irradiation. However, formalin inactivation can cause
crosslinking of several amino acid residues, which leads to a
lower immunogenic response (30).

In regard to efficacy, our finding showed that vaccination with
intranasal and intraocular (0.3 ml/dose) route of the gamma-
irradiated mucosal vaccine resulted in 100% protection against
lethal challenge. As compared to the intranasal route,
immunization through oral and intraocular route resulted in
less efficacy (p<0.05) as shown by death of some birds in those
groups. This can be due to the local IgA produced in the mucosal
airways, which is the natural route and of infection of FC (21).

In this study, the gamma-irradiated fowl cholera vaccine
was safe as chickens injected with it were devoid of
vaccination side effects and their bodies were maintained
normal, and it avoids the drawbacks in vaccinated chickens
with chemical inactivated fowl cholera vaccines. We believe
that these preliminary findings demonstrate that the gamma-
irradiated mucosal fowl cholera vaccine approach is an
adaptable vaccine strategy against avian P. multocida and
that this information will aid in the evaluation of other
whole-cell, killed vaccine strategies, as well as identify
candidates for recombinant protein vaccine approaches.

In conclusion, the present study showed that gamma-
irradiated FC mucosal vaccine is safe and protective,
suggesting its potential use for immunization of chicken
against FC in chicken. One kGy was identified as a dosage of
gamma irradiation that inactivated P. multocida replication
while retaining immunogenic surface structures. Montanide
gel/01 PR showed a significant enhancement of systemic and
mucosal immune responses with a safety. In this study, the
candidate gamma-irradiated mucosal vaccines induced higher
response of both serum IgG and mucosal IgA after three IN
doses, the latter (IgA) being highly relevant in the context of
protective immunity. In addition to its good immunogenicity,
November 2021 | Volume 12 | Article 768820
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the candidate vaccine provided protection in challenge
experiments. This can be considered a go-on signal to further
evaluate the vaccine and approve it for national use.
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Given the current pandemic the world is struggling with, there is an urgent need to
continually improve vaccine technologies. Ionizing radiation technology has a long history
in the development of vaccines, dating back to the mid-20th century. Ionizing radiation
technology is a highly versatile technology that has a variety of commercial applications
around the world. This brief review summarizes the core technology, the overall effects of
ionizing radiation on bacterial cells and reviews vaccine development efforts using ionizing
technologies, namely gamma radiation, electron beam, and X-rays.

Keywords: ionizing radiation, vaccines, electron beam, gamma irradiation, killed vaccines
INTRODUCTION

Vaccination is a cornerstone of public health measures. It promotes human and animal health as
well as prevents the spread of communicable diseases in humans and animals. Over one hundred
vaccines are currently licensed for human use in the United States (1). Despite this, many infectious
diseases, such as Covid-19, HIV, Influenza, Malaria, and Tuberculosis continue to cause severe
illness and death globally. In the feed and livestock animal industries, the use of antibiotic growth
promoters has been substantially reduced due to fears of multi-drug resistant bacteria, (2–5).
However, with the ban of antimicrobial usage, therapeutic usage of antimicrobials increased in
Denmark by 33.6% (6) and mortality in weaning pigs increased by 1.5% (2). The resurgence of
previously controlled infections and diseases have led to the intensive investigation and
commercialization of multiple methods to control and improve animal health, with vaccinations
being the most common (3, 7–9).

Current vaccine technologies have their advantages and disadvantages. Live vaccines often elicit
strong immune responses, but a balance between attenuation, safety, and protection must be struck.
Vaccination with attenuated strains has often been successful, although this option is not suitable
for some diseases (10–13). A disadvantage of attenuated vaccines is the fear of regained virulence.
Inactivated, or killed vaccines are inactivated using chemicals such as formalin,
diethylpyrocarbonate and b-propiolactone. Although there are reduced safety risks associated
with chemically inactivated vaccines, they often exhibit reduced immunogenicity due to damaged
antigenic epitopes. Toxoids, recombinant vaccines, as well as subunit vaccines are typically
considered safe because attenuation is induced by deletions preventing the strain from
overgrowing and causing disease (14). The disadvantage of sub-unit vaccines is that only a
org February 2022 | Volume 13 | Article 845514145
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singular antigen or at times multiple antigens are presented,
generally limiting the cross-protective ability of such vaccines.

Given increased urbanization, climate change and close
interaction of animals and humans, there is a continuous need
to evaluate vaccine technologies to deal with epidemics,
pandemics, and rapidly emerging infectious virus variants. The
vaccine technologies should be robust and capable of dealing
with multiple pathogens, their possible variants and host species
(15). Ionizing radiation technology has benefitted society for
over 65 years. Legacy nuclear technologies based on radioactive
isotopes such as cobalt-60 and cesium-137 have resulted in
significant benefits to human and animal health and
agriculture. Besides radioactive isotope based ionizing radiation
technology, electron beam (eBeam) and X-ray technologies have
grown rapidly in the last decade and are now becoming widely
used for a variety of commercial applications. The overall
objective of this brief review is to summarize the history and
the advances of using ionizing radiation technology for
developing vaccines against infectious diseases.
PRINCIPLES OF IONIZING RADIATION

Ionizing radiation is defined as energy capable of removing
electrons from atoms and, thereby, causing ionization. The
three main ionizing radiation technologies are gamma
radiation technology (based on photons), electron beam
(eBeam) technology (based on electrons), and X-rays (based on
photons) (16). Gamma rays are electromagnetic radiation
composed of photons emitted from the nucleus of a
radioactive isotope. In most commercial settings, the isotope
source is cobalt-60. In some instances, gamma rays are produced
from cesium-137 as well. Electron beam (eBeam) technology is
based on highly energetic electrons that are produced from
regular electricity using industrial equipment called “eBeam
accelerators”. X-rays are also electromagnetic radiation
composed of photons. However, they are generated using
energetic electrons from accelerators which are allowed to
strike an extremely dense metal such as tantalum or tungsten
resulting in the formation of X-ray photons. Cobalt-60 is a
radioactive isotope and, therefore, it is of serious security
concerns. Also, due to increasing cobalt-60 costs, its stringent
safe-guarding requirements, and ultimate disposal needs and
costs, this legacy technology is quickly becoming commercially
unsustainable. Commercially, gamma radiation technology is
being quickly replaced with accelerator-based technologies,
namely eBeam and X-ray technologies (16, 17). From a
commercial perspective, eBeam technology is an attractive
technology because of its relatively overall lower costs and
relative ease of adoption. One of the key attractive features of
eBeam and X-ray technologies is that they are switch- on/switch-
off technologies meaning that they can be switched off when not
in use. This is in direct contrast to radioactive isotopes such as
cobalt-60 where the emission of gamma ray photons cannot be
switched off.
Frontiers in Immunology | www.frontiersin.org 246
Today, eBeam and X-ray technologies are commercial off the
shelf technologies with a diverse array of energy and beam power
configurations. In commercial settings, eBeam irradiation is
generated using accelerators. In these accelerators, electrons
generated from commercial electricity are accelerated to
approximately 99.999% of the speed of light resulting in
electron energies up to 10 MeV (Mega electron volts) (18).
These highly energetic electrons are then focused and pulsed
uniformly over a material, solid or liquid (16, 18). When the
electrons interact with a molecule leading to its ionization, the
ejected electron becomes energized, going on to interact with and
ionize an adjacent molecule. This chain reaction continues until
the energy has fully dissipated (18). High energy eBeam
technology is also currently used in the food and medical
device industry for its ability to either pasteurize products or
achieve complete sterility. In the food industry, this technology is
regularly used for phytosanitary treatment, shelf-life elongation,
pathogen inactivation, and occasionally terminal sterilization
(16, 17). In the medical device industry, this technology is used
to sterilize single-use medical devices and laboratory
consumables (19).
EFFECT OF IONIZING RADIATION
EXPOSURE ON MICROORGANISMS

Ionizing radiation inactivates microorganisms through direct
and indirect methods. Direct damage is caused as a result of
interactions between energetic electrons or photons and the
molecules within an organism, while indirect damage is caused
as a result of interactions with products of water radiolysis (18,
20, 21). When an energized electron from an accelerator (or a
gamma photon emitted from a radioactive isotope) interacts with
a material, molecules are ionized, ejecting electrons from the
outermost valence shells. These ejected electrons in turn cause a
cascade of similar ionization events on adjoining atoms until all
its energy is fully dissipated. In microorganisms, DNA is the
largest molecule, therefore, resulting in it being the primary
target of direct ionization events. The ionization of DNA results
in the cleavage of the phosphodiester bonds along the DNA
backbone. While single-stranded breaks are repairable, extensive
double stranded breaks are much harder for an organism to
repair and overcome. Due to excessive shearing of the nucleic
acid, the microorganism is ultimately inactivated (21). The other
major target of ionizing radiation in a microorganism is its
cellular water content, leading to the production of radiolytic
species. Radiolysis of water generates a diverse array of highly
reactive, but short lived free radical species such as hydroxyl
radicals, hydrogen peroxide, hydrogen, hydrated electrons, and
hydrated protons. The summary equation for water radiolysis is
presented below (Equation 1) with the quantity of each product
per 100 eV of energy absorbed shown in parenthesis.

e− + H2O ! �OH(2:7) + e−aq(2:7) +
 �H(0:55)

+H2(0:55) + H2O2(0:71) + H3O
+(2:7)

Equation 1
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The damage to the cellular components often results
indirectly from the interaction of these reactive species as
opposed to the direct incident electrons. Hydroxyl radicals
(*OH) are extremely short lived. However, during their short
time, they can cause significant damage to molecules in their
immediate surroundings (22). Superoxide radicals (O∗

2− ) are also
generated by the radiolysis of water, and it is hypothesized that
these molecules accumulate within a microbial cell causing
severe damage to proteins such as enzymes with exposed iron-
sulfur clusters (23, 24). Additionally, methionine and cysteine
have been shown to be especially susceptible to ionizing radiation
(25). Superoxide radicals also react with endogenous nitric oxide
within a cell, forming reactive nitrogen species (RNS) such as a
peroxynitrite anion (ONOO-), nitrogen dioxide (NO∗

2), and
dinitrogen trioxide (N2O3), which cause further damage to the
DNA and are the primary agents of damage to proteins within
bacterial cells (26). This protein damage can have significant
effects on the microorganism’s ability to function. Taken
together, direct and indirect mechanisms of damage lead to the
inactivation of microbial cells due to the high number of single
and double strand breaks (21). Assuming a hypothetical genome
size of 3.5 million base pairs, a dose of 1 kGy would cause
approximately 200 single stranded breaks and 14 double
stranded breaks, per copy of a bacteria’s genome (18, 27). This
extent of DNA damage is irreparable in most microorganisms,
resulting in their inactivation due to the inability of the DNA to
replicate, thereby, resulting in the microbial population being
unable to reproduce. This damage done to microorganisms is
extremely rapid. Direct damage due to chemical bonds cleavage
is estimated to occur within 10-14 – 10-12 seconds of exposure.
Within one picosecond (10-12 s), superoxide and hydrogen
peroxide radicals are formed. By about 1 millisecond after
exposure, the reactions of most reactive species are
hypothesized to be complete (25, 28).

While microbial cells cease to multiply due to damage to their
nucleic acids, multiple studies have demonstrated that their
cellular membrane remains intact even after exposure to
ionizing radiation. It needs to be pointed out the how microbial
cells respond to ionizing radiation can be extremely varied
depending on the microorganism in question and the ionizing
radiation dose applied to the cells. Studies conducted in our
laboratory demonstrate that eBeam exposure even at lethal
doses does not compromise the bacterial cellular membrane as
observed using microscopy (29–33). Similarly, gamma irradiation
has also been shown to cause no damage to bacterial cell
membranes at lethal doses (34–36). Furthermore, there is now
significant evidence that in cells treated with lethal doses of
ionizing radiation, there is residual metabolic activity after
treatment (33, 35, 37–41). For example, in Escherichia coli K-12
metabolic activity of E. coli was sustained for up to nine days
following treatment, as demonstrated using AlamarBlue™ as well
as ATP assays (33). Other studies have demonstrated that gamma
radiation also does not significantly hinder cellular functions.
Gamma irradiated cells maintained oxidative function and the
ability to continue nucleic acid and protein synthesis (35, 38).
Furthermore, metabolic activity persists, despite several double
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stranded breaks of the cell’s genome. Researchers hypothesize that
there are portions of genomes which are still intact, enough to
sustain cellular functions (35, 39, 42). Bacterial cells exposed to
eBeam exposure exhibit similar features. Studies examining the
metabolomic state of inactivated E. coli and Salmonella
Typhimurium have shown that immediately after treatment,
cells are metabolically active with metabolomic fluxes
continuing even 24 hours after eBeam treatment (43).
Nevertheless, the ability of microbial cells to continue their
metabolic activity even after physical damage to their nucleic
acids is a scientific conundrum that is worthy of deeper
investigation. Taken together, this state in microbial cells where
the cells cannot multiply yet remain metabolically active can be
termed as a Metabolically Active, yet Non-Culturable (MAyNC)
state. In vaccinology, the term that is often used especially with
irradiated malarial sporozoites is “Metabolically active, non-
replicating”. This state has potential broad applications in
vaccine development. MAyNC cells are inactivated, but
maintain cell membrane integrity, and therefore, function as a
killed vaccine. The biological significance of residual metabolic
activity on the potency of the vaccine is yet to be completely
understood. Because ionizing radiation maintains membrane
integrity, MAyNC cells may be specifically well-suited for
vaccines against pathogens that require immune recognition of
multiple antigenic epitopes. Furthermore, due to the growing
availability of eBeam and X-ray technologies which can be
installed inline to the manufacturing process, the ability to
generate MAyNC cells of varying potency can be extremely
valuable for vaccine development.
HISTORY OF VACCINES USING
IONIZING RADIATION

The use of ionizing radiation as a method to attenuate or inactive
microorganisms for the use as vaccines is not novel, with reports
of gamma and x-ray-inactivated vaccine research dating back to
the mid-20th century (44–50). The advantage of ionizing-radiation
vaccines, or radio-vaccines, is that because they are inactivated,
they are able to retain immunogenicity even when stored at non-
refrigerated conditions potentially eliminating the need for cold-
chain to preserve vaccine potency (31, 51, 52). The ability to store
vaccines at ambient or refrigerated storage (as compared to frozen
storage) can translate to significantly lower overall costs for
vaccine transportation and distribution. The ability to distribute
vaccines without the need for cold chain distribution also
increases vaccine access in remote areas (53, 54). Importantly,
eBeam and X-ray technologies are scalable, with the capability to
inactivate large quantities of preparations (55).

Due to the vast commercial capabilities, numerous patents
related to “radio-vaccines” have already been filed (Table 1).
Interest in radio- vaccines has increased significantly recently,
with investigations into the creation of vaccines for bacterial,
viral, and protozoan diseases (Table 2). While many of the
researched vaccine candidates are based on gamma-irradiation,
there is significantly less research conducted on eBeam or X-ray
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inactivated vaccines. This limited amount of information could
be attributed to the relatively recent commercial availability of
eBeam and X-ray technologies. Among all the research
conducted on radio-vaccines, the most progress has been on
Plasmodium sporozoites attenuated with irradiation to protect
against malaria. First examined in 1967 using x-ray irradiation,
this idea has evolved considerably over the last 50+ years to its
current iteration in phase 2 clinical trials using gamma-
attenuated sporozoites (75, 76, 93–97). Studies using gamma-
irradiated Listeria monocytogenes have demonstrated that unlike
other inactivation methods such as heat or formalin, irradiation
better maintained antigenic properties and stimulated robust T
cell responses (59).

IMMUNE RESPONSES TO
RADIO-VACCINES

In multiple studies investigating the immune response to
gamma-irradiated Brucella spp., investigators found that
gamma-irradiated cells were metabolically active and
inactivated cells were able to induce a significant cellular
immune response and were protective when challenged (34–
37, 56, 98). Furthermore, gamma-irradiated cells have even
exhibited an ability to act as an adjuvant, increasing the
immune response to co-administered antigens (71). A
significant amount of research has been conducted on the
development of a gamma-inactivated influenza vaccine,
demonstrating that this vaccine is effective in eliciting a strong
Frontiers in Immunology | www.frontiersin.org 448
antigen-specific antibody response as well as protecting mice
from challenge with heterologous influenza virus (27, 80, 83).

Electron beam (eBeam) technology has been investigated as a
method to generate vaccine-like immunomodulators against
Salmonella Typhimurium using a mice model (31). This concept
has been expanded to demonstrating the immunomodulatory
and protective effects of eBeam-inactivated Salmonella
Enteriditis and Typhimurium in chickens and Rhodococcus equi
in neonatal fouls (29–32, 40, 41, 64, 67). This concept is now
been expanded to include the use of low energy eBeam as
an inactivation technology for vaccine development with
considerable success (73, 77, 82).
ROLE OF ADJUVANTS

For a vaccine formulation to be effective upon challenge, it must
be able to induce a prolonged and protective immune response.
Live attenuated vaccines that retain their ability to replicate with
a host, naturally eliciting a strong CD8+ and CD4+ T cell
response, as well as a strong humoral response, while
inactivated vaccines often require the assistance of an adjuvant
to help the vaccine elicit a stronger immune response in the host.
An adjuvant is technically defined as a component that is added
to vaccine to enhance an immune response, and typically
provides the benefits of increased antibody titers and an
increased speed, breadth, and duration of an immune
response. Because radio-vaccines are unable to replicate within
a host, it has been proposed that their immunogenic potential
TABLE 1 | A selection of patents relating to radio-vaccines.

Patent # Country Year Statusa Title

US3657415A USA 1969 Expired Canine hookworm vaccines
DE3853854T2 Germany 1988 Expired Vaccine against group b Neisseria meningitidis, gammaglobulin and transfer factor
AU706213B2 Australia 1996 Ceased Method for obtaining a vaccine with wide protective range against group b Neisseria meningitidis, the

resulting vaccine, gammaglobulin and transfer factor
AU6320001A Australia 2001 Published Gamma irradiation of protein-based pharmaceutical products
KR20030034517A South Korea 2001 Granted Burkholderia gladioli k4 having antifungal activity, preparation method of its mutant by gamma radiation

and the mutant thereof
US20060147460A1 USA 2002 Granted Anticancer vaccine and diagnostic methods and reagents
KR101173871B1 South Korea 2004 Granted Modified free-living microbes vaccine compositions and methods of use thereof
US20050175630A1 USA 2004 Abandoned Immunogenic compositions and methods of use thereof
US8173139B1 USA 2009 Granted High energy electron beam irradiation for the production of immunomodulators in poultry
CA2733356C Canada 2009 Granted Influenza vaccines
US8282942B2 USA 2010 Granted Toxoplasma gondii vaccines and uses thereof
US20130122045A1 USA 2010 Abandoned Cross-protective influenza vaccine
US20150209424A1 USA 2011 Abandoned Inactivated varicella zoster virus vaccines, methods of production, and uses thereof
JP2014520117A Japan 2012 Granted Vaccine composition comprising inactivated chikungunya virus strain
AU2012211043B2 Australia 2012 Published Combination vaccines
US10080795B2 USA 2013 Granted Method for inactivating viruses using electron beams
WO2014155297A2 WIPObb 2014 Published Systems and methods for viral inactivation of vaccine compositions by treatment with carbohydrates and

radiation
WO2014165916A1 WIPOb 2014 Published Methods and compositions for inducing an immune response
DE102015224206B3 Germany 2015 Granted Irradiation of biological media in transported foil bags
KR20180036987A South Korea 2016 Published Vaccine composition
DE102016216573A1 Germany 2016 Published Inactivation of pathogens in biological media
WO2018167149A1 WIPOb 2018 Ceased Method for irradiating mammalian cells with electron beams and/or x-rays
WO2019191586A2 Canada 2019 Published Irradiation-inactivated poliovirus, compositions including the same, and methods of preparation
WO2020069942A1 WIPOb 2020 Published Method for inactivating biologically active components in a liquid
aStatus as of November, 2020; bWorld Intellectual Property Organization.
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TABLE 2 | List of radio-vaccines against bacterial, viral, and protozoan pathogens.

Type of
Pathogen

Pathogen Inactivation
Method

Inactivation
Dose

Model Notes Source

Bacteria Brucella abortus Gamma 4 kGy Mice Irradiated strains induced less of an immune response
than live strains

(56)

Bacteria Brucella abortus Gamma 3 kGy Mouse Antigen specific Th1 response (34)
Bacteria Brucella abortus Gamma 2.5 kGy Mice Stimulated IFN-gamma and Th1 cells (57)
Bacteria Brucella abortus Gamma 3.5 kGy Mice Protective upon challenge (58)
Bacteria Brucella abortus, B. melitensis, and B.

suis
Gamma 3.5 kGy Mice Protective upon challenge (36)

Bacteria Brucella melitensis Gamma 3.5 kGy Mouse Cytotoxic T cell response and protective against
challenge

(35)

Bacteria Listeria monocytogenes Gamma 6 kGy Mouse Induced protective T cell responses (59)
Bacteria Mannheimia haemolytica Gamma 2-20 kGy Rabbit Protection upon challenge (60)
Bacteria Orientia tsutsugamushi Gamma 2 kGy Mice Partially protective upon challenge (61)
Bacteria Orientia tsutsugamushi Gamma 3 kGy Mice Protective upon challenge (62)
Bacteria Pasteurella tularensis X-ray 10 kGy Mice Partially protective upon challenge (63)
Bacteria Rhodococcus equi Electron Beam

(High Energy)
4-5 kGy Horse Produced cell-mediated and upper respiratory

mucosal immune response
(30)

Bacteria Rhodococcus equi Electron Beam 5 kGy Horse Not protective upon challenge (64)
Bacteria Rodentibacter pneumotropicus Electron Beam

(Low Energy)
20 kGy Mice Protective upon challenge and reduced colonization (65)

Bacteria Salmonella Enteriditis Electron Beam
(High Energy)

2.5 kGy Chicken Protective upon challenge and reduced colonization (66)

Bacteria Salmonella Typhimurium Electron Beam
(High Energy)

2.5 kGy Chicken Heterophil-mediated innate immune response (67)

Bacteria Salmonella Typhimurium Electron Beam
(High Energy)

7 kGy Mouse Stimulated innate immune markers and reduced
colonization

(31)

Bacteria Salmonella Typhimurium Gamma 10-80 kGy Chicken Protective upon challenge (68)
Bacteria Shigella dysenteriae X-ray Not reported Rabbits Bacteria that were treated for a longer time were non-

toxic and protective upon challenge
(44)

Bacteria Staphylococcus aureus Gamma 2.5-2.9 kGy Mice Induced specific antibody production, but not
protective upon challenge

(69)

Bacteria Staphylococcus aureus Gamma 25-40 kGy Mice Induced B and T cell-dependent protection against
challenge

(70)

Bacteria Streptococcus pneumoniae Gamma 12 kGy Mice Protection upon challenge mediated by B-cells and
innate IL-17 response

(71)

Bacteria Streptococcus pneumoniae Electron Beam 25 kGy Rabbit and
Mice

Immunogenic and protective upon challenge (72)

Protozoa Eimeria tenella Electron Beam
(Low Energy)

0.1-0.5 kGy Chicken Partially protective upon challenge (73)

Protozoa Eimeria tenella X-ray 0.2 kGy Chicken Protective upon challenge (74)
Protozoa Plasmodium berghei X-ray 0.02-0.15

kGy
Mouse Protective upon challenge (75)

Protozoa Plasmodium falciparum Gamma 0.12-0.15
kGy

Human Long-lasting protective immunity (76)

Protozoa Plasmodium gallinaceum X-ray 0.005-0.2
kGy

Mosquito Sporozoites from irradiated oocysts were non-infective (49)

Virus Human Respiratory syncytial virus
(RSV)

Electron Beam
(Low Energy)

20 kGy Mice Reduction in viral load upon challenge (77)

Virus Influenza A virus Gamma 12.6 kGy Mice Induced cytotoxic T cells and protective upon against
challenge

(78)

Virus Influenza A virus Gamma 10-40 kGy Mice Cross-reactive and cross-protective cytotoxic T cell
responses

(79)

Virus Influenza A virus Gamma 10 kGy Mice Protective upon challenge; freeze-drying did not affect
cross-protective immunity

(80)

Virus Influenza A virus Gamma 50 kGy Mice Intranasal vaccination conferred complete protection (81)
Virus Influenza A virus Electron Beam

(Low Energy)
30 kGy Mouse Elicited a protective immune response (82)

Virus Influenza A virus Electron Beam 25-40 kGy Nonhuman
primate

Elicited seroconversion (51)

Virus Influenza A virus Gamma 10 kGy Mice Protective upon heterotypic challenge (83)
Virus Middle Eastern Respiratory Virus

(MERS)
Gamma 50 kGy Mice Caused lung immunopathology upon challenge (84)

Virus Polio Virus Gamma 45 kGy Mice Protective upon challenge (85)
Virus Rotavirus Gamma 50 kGy Mice Induced a specific neutralizing-antibody response (86)
Virus Severe Acute Respiratory Syndrome

coronavirus 2 (SARS-CoV-2)
Gamma 50 kGy Mice Adjuvanted vaccine elicited T and B cell responses (52)

Virus SARS-CoV-2 Gamma 25 kGy Mice Humoral and cellular immune response, induced
neutralizing antibodies

(87)

Virus Vaccinia virus Gamma 0-15 kGy Rabbit Inactivated virus was immunogenic (48)
Virus Venezuelan Equine Encephalitis

Vaccine
Gamma 80-100 kGy Guinea Pig Protective upon challenge (88)

(Continued)
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has to be enhanced by the addition of an adjuvant. There are
several reports about coupling radio-vaccines with experimental
and commercially available adjuvants. Bayer et al. tested four
different adjuvants in combination with Respiratory syncytial
virus inactivated with low energy electron beam: Alhydrogel
(alum based), MF59 (squalene based), QuilA (saponin based),
and Poly IC : LC (synthetic double-stranded RNA based) (77). In
their study, strong immune responses and significant reductions
in viral loads were detected after immunization and subsequent
challenge, although the poly IC : LC adjuvanted vaccine elicited
lower titers of neutralizing antibodies than the other adjuvanted
vaccines tested (77). Substantial humoral and cellular responses
were observed when a gamma-inactivated polio vaccine
candidate was combined with an alum adjuvant and when a
gamma-irradiated HIN1 vaccine was co-administered with a
plasmid encoding mouse interleukin-28B (99, 100). Gamma-
inactivated SARS-CoV-2 also benefited from the addition of a
GM-CSF adjuvant in order to induce a T cell response (52).
CONCLUSIONS
Though ionizing radiation has been researched as a vaccine
technology for nearly a century, only recently have vaccines
utilizing ionizing radiation reached commercial development.
The general lack of interest in radio-vaccines could be attributed
to advances in cloning technologies, mRNA vaccines and gene
editing technologies. The recent availability of small footprint,
low energy eBeam and X-ray equipment could, however, spur the
development of radio-vaccines once again. Commercialization of
eBeam and X-ray technologies for the medical device, food, and
other industrial applications has led to a decrease in overall
technology costs and an increase in technology availability (101).
This review highlights the potential of ionizing radiation as a
Frontiers in Immunology | www.frontiersin.org 650
vaccine technology suitable against several pathogens causing
diseases in various hosts species. This has been most recently
demonstrated in the rapid development of vaccine candidates in
response to the COVID-19 pandemic, caused by the virus SARS-
CoV-2. Radio-vaccines have even been investigated as a response
to previous outbreaks of SARS and MERS, and it was
hypothesized that ionizing radiation could be used to rapidly
produce a vaccine for SARS-CoV-2 (84, 102–104). Gamma-
inactivated SARS-CoV-2 combined with GM-CSF as an
adjuvant has demonstrated ability to induce neutralizing
antibodies as well as a strong T and B cell response (87, 105).
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A First for Human Vaccinology:
GMP Compliant Radiation Attenuation
of Plasmodium falciparum
Sporozoites for Production of
a Vaccine Against Malaria
Eric R. James*, Steve Matheny, James Overby, B. Kim Lee Sim, Abraham G. Eappen,
Tao Li , Ming Lin Li , Thomas L. Richie , Sumana Chakravarty , Anusha Gunasekera ,
Tooba Murshedkar , Peter F. Billingsley and Stephen L. Hoffman

Sanaria Inc., Rockville, MD, United States

Ionizing radiation (UV, X-ray and ɣ) administered at an appropriate dose to pathogenic
organisms can prevent replication while preserving metabolic activity. We have
established the GMP process for attenuation by ionizing radiation of the Plasmodium
falciparum (Pf) sporozoites (SPZ) in Sanaria® PfSPZ Vaccine, a protective vaccine against
malaria. Mosquitoes raised and infected aseptically with Pf were transferred into infected
mosquito transport containers (IMTC) and ɣ-irradiated using a 60Co source. PfSPZ were
then extracted, purified, vialed, and cryopreserved. To establish the appropriate radiation
conditions, the irradiation field inside the IMTCs was mapped using radiochromic film and
alanine transfer dosimeters. Dosimeters were irradiated for times calculated to provide
120-170 Gy at the minimum dose location inside the IMTC and regression analysis was
used to determine the time required to achieve a lower 95% confidence interval for 150
Gy. A formula incorporating the half-life of 60Co was then used to construct tables of
irradiation times for each calendar day. From the mapping studies, formulae were derived
to estimate the minimum and maximum doses of irradiation received inside the IMTC from
a reference dosimeter mounted on the outside wall. For PfSPZ Vaccine manufacture a
dose of 150 Gy was targeted for each irradiation event, a dose known to completely
attenuate PfSPZ. The reference dosimeters were processed by the National Institute of
Standards and Technology. There have been 587 irradiation events to produce PfSPZ
Vaccine during 13 years which generated multiple lots released for pre-clinical studies and
clinical trials. The estimated doses at the minimum dose location (mean 154.3 ± 1.77 Gy;
range 150.0-159.3 Gy), and maximum dose location (mean 166.3 ± 3.65 Gy, range 155.7
to 175.3 Gy), in IMTCs were normally distributed. Overall dose uniformity was 1.078 ±
0.012. There was no siginifcant change in measured dose over 13 years. As of January
2022, 21 clinical trials of PfSPZ Vaccine have been conducted, with 1,740 volunteers
aged 5 months to 61 years receiving 5,648 doses of PfSPZ Vaccine totalling >5.3 billion
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1 https://www.vmd.defra.gov.uk/produ
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James et al. Irradiation-Attenuated Malaria Sporozoite Vaccine

Frontiers in Immunology | www.frontiersin.
PfSPZ administered. There have been no breakthrough infections, confirming the
consistency and robustness of the radiation attenuation process.
Keywords: radiation, attenuation, malaria, sporozoite, vaccine
INTRODUCTION

Radiation wavelengths shorter than ~124 nm that include far-
UV, X-ray and ɣ, induce ionization effects that damage live cells
principally through the generation of free radicals and their
interaction with proteins, membranes and DNA. The dose of
radiation can be selected to render cells or whole organisms
metabolically active but incapable of replication. Used on
eukaryotic pathogens, irradiation is an ideal method for
developing live attenuated vaccines that are immunogenic and
for which the ability to cause disease has been abrogated.
Ionizing radiation of all three types has been used to attenuate
parasitic protozoa and helminths (1–9)1.

The pioneering studies on attenuation of malaria sporozoites
(SPZ) for assessing protective immunity were conducted with X-
ray as the irradiation source (10). Subsequent studies used X-rays
and ɣ irradiation, sourced either from 137Cs or 60Co (11–14).
Sanaria®PfSPZ Vaccine is composed of SPZ, the infective stage
of Plasmodium falciparum (Pf), that are irradiated in the
mosquito using a 60Co source and subsequently extracted from
the mosquito salivary glands, purified, formulated with
cryoprotectant additives and cryopreserved (15, 16). In clinical
trials, PfSPZ Vaccine induces >90% protection against controlled
human malaria infection (CHMI) delivered by mosquito bite or
by injection (17–19) and significant protection for at least two
malaria transmission seasons against natural exposure to malaria
in Africa (20). Attenuation by ɣ irradiation was adopted for the
manufacture of PfSPZ Vaccine principally due to the ability to
deliver a very accurate irradiation dose, shorter irradiation times
than X-ray, ease of use, and a history of success in human trials
(14) that used PfSPZ administered by the bite of Pf-infected,
irradiated mosquitoes for immunizations.

We present here the process for development of a robust and
reproducible method for the ɣ-irradiation of PfSPZ-infected
mosquitoes delivered by a 60Co source, and the experience of
using this method in the manufacture of PfSPZ Vaccine for
clinical trials.
MATERIALS AND METHODS

Irradiator
The irradiator, a JL Shepherd model 484-R-2, has three sources,
an integral controller incorporating a timer and an air
compressor with reservoir. The unit is fabricated principally
from cast iron and lead, weighs approximately 6.5 metric tons,
and houses the shielded irradiation chamber (Figure 1). The unit
ctinformationdatabase/files/QRD_

org 255
is calibrated annually by JL Shepherd (San Fernando, CA), and
the controller and monitoring systems are calibrated
independently every six months.

When installed in 2007, source tunnels 2 (center) and 3
(right) contained cobalt capsules with a total activity of 12,000
Ci. Nine years later, the 60Co had decayed through 1.9 half lives
to 3,349 Ci so the 60Co capsule occupying source tunnel 2 was
moved into source tunnel 1, and a new capsule with 8,400 Ci
activity was added to source tunnel 2 to bring the total activity to
11,749 Ci. Sources are registered with the Nuclear Regulatory
Commission and checked annually. In addition to the three
source tunnels, the irradiator chamber contains a turntable that
rotates at approximately 17 revolutions per minute and can be
used at any of five positions at different distances from the
irradiation sources. Turntable position 3 is used for IMTC
mosquito irradiation (Figure 1).

Personnel qualified to operate the irradiator undergo FBI
background checks, fingerprinting, and are issued a unique
coded card for entry. Other security measures include a second
coded door entry, a third door linked to an iris scanner, video
surveillance at multiple locations and direct real-time video feed
to the County Police Department (CPD) with an on-call Special
Weapons and Tactics (SWAT) team.

Residual radiation around the irradiator both at rest and
when active is equivalent to background, as indicated by routine
dosimetry (processed quarterly) from multiple locations in the
irradiator room. However, Sanaria provides operators with
personal dosimeters that are maintained by a contract
Radiation Safety Officer and processed by Landauer (Beltsville,
MD). A survey meter (Technical Associates, Canoga Park, CA)
connected to the irradiator controller broadcasts an alarm
internally and to the CPD if radiation levels exceed threshold
for safety or if the meter is disconnected or disabled. Additional
monitoring and alarm systems are integral to the unit.
Infected Mosquito Transport Container
(IMTC)
Aseptically-reared PfSPZ-infected Anopheles stephensi
mosquitoes are transferred to Infected Mosquito Transport
Containers (IMTC) for aseptic transport to the irradiator. The
IMTC consists of a custom designed outer container (OC)
fabricated from polycarbonate and composed of a cylinder
with a screw-on base and a screw lid that incorporates a filter
(Figure 2). The IMTC is assembled with the inner container
(IC), a modified 1-pint cardboard cylinder, autoclaved, and
mosquitoes are aspirated under aseptic conditions directly into
the IC from the adult mosquito containers. Each IMTC is sealed
inside a sterility maintenance bag (Steris, Erie, PA) which
remains in place during irradiation. IMTCs were fabricated
with the base able to fit within the circular wall of the
February 2022 | Volume 13 | Article 851028
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irradiator chamber turntable and with a base thickness aimed to
position the center of the vertical axis of the IC in the center of
the irradiation field in the chamber.

Radiochromic Film Mapping
of the IMTC
The radiation dose received at any point in the irradiator
chamber is inversely proportional to the distance from the
sources. Thus the dose delivered inside the IMTC will vary
both horizontally and vertically. By mapping the radiation field
using radiochromic film, the maximum dose and minimum dose
locations inside the IMTC can be identified (21). Two sets of
radiochromic film mapping experiments were conducted, the
first initially after the irradiator was installed and the second
following the irradiator upgrade nine years later.

The first determination of the irradiation field was conducted
inside the OC of the IMTC using GAFchromic HD-810 film
[International Specialty Products (ISP), Wayne, NJ] rated for a
dose range of 10-400 Gy. The film was trimmed to fit vertically
into the OC, sandwiched between polystyrene plates and sealed
in a black polyethylene pouch. Two different OCs were mapped
using an irradiation time (provided by JL Shepherd) to target a
dose on that particular day of 150 Gy in the center of the OC
when the IMTC was placed on the turntable at position 3. The
films were removed from their packaging at the National
Institute of Standards and Technology (NIST, Gaithersburg,
MD), and scanned into a Pharmacia-LKB 2222 UltroScan XL
Laser Densitometer at 633 nm with a spot size of 100 mm.
Frontiers in Immunology | www.frontiersin.org 356
Measurements were made by stepping in both dimensions at a
resolution of 0.6 mm. The data output was in arbitrary scanning
laser densitometer (SLD) units related to optical absorbance.
Average SLD values were determined at the film’s center, and the
value used to normalize to the whole scan and to express
the results in terms of percent increase or decrease relative to
the dose at the center.

An additional set of radiochromic film assessments was made
following the irradiator upgrade to confirm the distribution of
the delivered radiation dose applied to the IC and confirm the
minimum and maximum dose locations. Gafchromic Ashland
Dose-Map™ film with an upper exposure bound of 50 Gy was
sandwiched between Plexiglas sheets and sealed in black
polypropylene. This smaller film package was supported inside
the IC along the central vertical axis. An alanine transfer
dosimeter was also placed on the outside of the OC of the
IMTC at location B (Figure 2), and the IMTC exposed to a target
dose of 50 Gy at the maximum dose location inside the IC.

Alanine Transfer Dosimeter Mapping of
the IMTC
To further characterize the distribution of radiation received by
the IMTC and to determine the doses received at the minimum
and maximum dose locations when targeting a received
minimum dose of 150 Gy, the IC of the IMTC was also
mapped using alanine transfer dosimeters (22–25). Alanine
dosimeters (NIST High Dose Radiation Service, Gaithersburg,
MD) were composed of Plexiglas vials each containing four
FIGURE 1 | Plan view of the interior of the irradiator chamber. The three source tunnels (left #1, center #2 and right #3) are indicated at the apex of the drawing and
the turntable is indicated at position 3 (of 5 potential positions) in the central axis of the chamber.
February 2022 | Volume 13 | Article 851028
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alanine pellets. The dosimeters were positioned at the locations
indicated in Figure 2. After irradiation, dosimeters were
processed by NIST and the average dose received by the four
pellets inside each Plexiglas vial was reported to the nearest
whole Gy for that dosimeter.

Dosimetry to Determine the Irradiation
Time for the Target Minimum Dose
of 150 Gy
Dosimeters located at the minimum dose location were
irradiated on a specific date for times calculated to deliver
doses ranging from 120 Gy to 170 Gy. Dosimeters were
processed as above and the data for irradiation time and dose
received by each dosimeter, were used in a regression analysis,
including the upper and lower 95% confidence intervals, to
Frontiers in Immunology | www.frontiersin.org 457
determine the time required to deliver 150 Gy of radiation at
the minimum dose location on that date. The value was also used
to extrapolate back to the reference date when the irradiator was
installed. This experiment was repeated after the irradiator
source upgrade.

Time Table for Irradiation
Two irradiation time tables were constructed spanning 1) the
period from initial installation of the irradiator to the upgrade
nine years later, and 2) all dates during the subsequent six years.
For both timetables the baseline date was defined as the reference
date from which to calculate the times to deliver the target
minimum dose on all subsequent days according to the equation:

t = x ∗
1

0:5
y
Tð Þ

� �
Equation 1

where:
t = time in minutes for the day of interest,
x = time in minutes at reference date,
y = number of days since reference date, and
T = ½ life of 60Co in days (1925.20 days).

Use of a Reference Dosimeter and
Estimation of the Minimum and maximum
doses Delivered to Mosquitoes
The minimum and maximum doses of irradiation received by
any mosquito inside the IMTC were estimated from the dose
received by a dosimeter attached to the outside of the IMTC at
location B (reference location) (Figure 2). To determine the
formulae for estimating the dose received at the minimum dose
location (location D or F) and the maximum dose location
(location H) inside the IMTC from the dose received at the
reference location, dosimeters were mounted on a cardboard
scaffold at the three locations in the IC and at the external
reference location.

Three sets of data were collected following installation of the
irradiator, three more sets were collected when the irradiator was
upgraded, and a final three sets were collected when the original
IC was replaced by a new IC of slightly different dimensions. This
last data set resulted in the minimum dose location changing
from location F to location D (Figure 2).

In Vitro Assessment of Attenuation
In addition to dosimetry, the 6-day hepatocyte attenuation assay,
a biological measure used to confirm attenuation, was performed
using irradiated PfSPZ without cryopreservation (26); the result
of this assay, along with the dosimetry data, is incorporated into
the lot release certificate of analysis for PfSPZ Vaccine.

Irradiation Data From PfSPZ Vaccine
Manufacture
A manufacturing campaign for PfSPZ Vaccine consists of
multiple sequential irradiation runs, generally up to 16. An
alanine dosimeter is included at the reference location on the
outside of each IMTC for every irradiation run. The irradiation
time for any given date is indicated in the irradiation timetables.
FIGURE 2 | Sagittal sectional schematic diagram of an IMTC. The inner
container (IC) is housed inside the outer container (OC), which is a custom
machined 1 L polycarbonate container with screw top and screw base. All nine
locations used for placement of alanine transfer dosimeters for mapping are
indicated. The minimum dose of irradiation was recorded at position F up to the
time when a new IC was incorporated when the minimum dose location changed
to D. The maximum dose location is position H. The reference dosimeter used in
PfSPZ Vaccine manufacturing runs is located at position B. The relationship
between the dose received at B to the dose received at D (or previously, F) and
between the dose at B and the dose at H are used to generate the formulae for
estimating the doses at positions D/F and H during vaccine production.
February 2022 | Volume 13 | Article 851028
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All dosimeters are processed by NIST. The data for the estimated
doses delivered to the minimum dose location were calculated
for all runs from the doses reported for the reference dosimeter.
RESULTS

Mapping of the Infected Mosquito
Transport Container (IMTC) to Determine
the Minimum and Maximum Dose
Locations
The purpose of these experiments was to determine the relative
radiation dose delivered spatially, which is independent of a
particular target dose or dose rate. Three pairs of radiochromic
film images were recorded for the original study in the OC of the
IMTC. After the first pair of images was obtained, the vertical
positioning of theOCwas adjusted upwards to improve the vertical
gradient of received dose. An additional adjustment to the
configuration of the IMTC was made after the second pair of
imageswasobtained; results for the thirdpair are shown inFigure3.
Radiation exposure followed a gradient, with the highest dose
received at the vertical midpoint on the side wall decreasing to the
center of the OC and decreasing further both upwards and
downwards along the central vertical axis. The lowest doses were
recorded at the top center and bottom center of the OC.

Following upgrading of the irradiator, GAF chromic film was
provided cut to fit the inside of the IC. For the three films the mean
dose ± SD at the minimum dose location (position F) was 38.8 ±
0.64Gy, and at themaximumdose location (positionH)was 47.1 ±
0.25 Gy (Figure 4, Table 1). The dose uniformity, the ratio of
highest dose to lowest dose, (dose at position H/dose at position F)
was 1.216 ± 0.014 for this film using a target dose of 50 Gy.

IMTC (IC) Mapping by Alanine Dosimetry
Experiments were conducted using alanine transfer dosimeters
with a dose calculated to deliver 150 Gy to the minimum dose
Frontiers in Immunology | www.frontiersin.org 558
location. The most recent set of these experiments was
performed after the changeover to the new IC in the IMTC.
These studies used dosimeters placed at the six locations inside
the IC (Figure 2) to define the minimum and maximum dose
locations, and two dosimeters on the exterior of the IMTC at
positions A and B (Figure 2). In this study, dose uniformity was
tighter at 1.09 ± 0.004 (Table 2) than seen with GAF chromic
film. This alanine dosimeter mapping study also established that
the minimum dose was received at location D (154 ± 1.0 Gy)
rather than location F (155 ± 1.0 Gy). This change in minimum
dose location was a consequence of the changeover to the new IC
of the IMTC which was, as indicated above, slightly taller (by
8.7 mm). The position of the base of the IC is fixed, so that the
additional height of the IC moved the top of the IC and the
minimum dose location higher up the vertical axis of the unit
into a lower isodose band. The ratios between the minimum dose
and the reference dose (0.834 ± 0.008) and the maximum dose
and the reference dose (0.908 ± 0.005) were also established for
estimating the minimum and maximum doses delivered during
PfSPZ Vaccine production runs. For example, if the dosimeter at
the reference location received a dose of 182 Gy, then 151.8 Gy
and 165.3 Gy would be received at the minimum and maximum
dose locations, respectively, and the dose uniformity (ratio of
highest dose to lowest dose), would be 1.089.

Dose Titration
Dosimeters placed at the minimum dose location in the IC of the
IMTC were irradiated for different times to deliver doses between
120 and 170 Gy. Regression analysis of irradiation time vs. dose
was used to determine the time to deliver a dose of 150 Gy with
lower 95% confidence interval (Figures 5A, B). This dose was
defined as the target minimum dose and the time to deliver this
dose extrapolated from the regression analysis as the time on that
date to deliver the target dose of irradiation. This time was then
extended to the reference date and that value incorporated as the
reference time (x in Equation 1) for constructing the calendar of
irradiation timetables.
FIGURE 3 | Test film results from two OCs exposed to 150 Gy. The target dose delivered was 150 Gy. The color scale represents proportional arbitrary scanning
laser densitometry units normalized to 312 SLD units left, and to 320 SLD units right. The boundary between orange and yellow was assigned a value of 1.
Horizontal axis: units in mm relative to the scanner base plate; vertical axis: distance in mm from the bottom of the film/container. See Figure 2 for the minimum
dose locations (position F, bottom center of each film) and maximum dose locations (position H, at the side wall equator of each film).
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Dosimetry for PfSPZ Vaccine Production
The estimated irradiation doses at the minimum dose location
(locations F or D) in the IC were calculated using the formulae
obtained by dosimetry. Three different sets of conversion factors
were used following dosimetry calibration of the irradiator for 1)
the period when two sources were active in the irradiator (first 9
years), 2) after the irradiator upgrade when all three sources were
active (next 4 years), and 3) after introduction of the new IC (all
subsequent times). For all irradiation runs the PfSPZ-infected
mosquitoes were irradiated at ambient temperature inside the
irradiator chamber which was typically 23°C, a temperature
optimum for PfSPZ (26).

For the initial 9-year period the formula for estimating the
dose received at location F was x0.8973 and for estimating the
maximum dose at location H, the formula used was x0.9471. For
the 4 years after the irradiator upgrade the conversion factor used
for the dose at location F was x0.845, and for the maximum dose
location H, was x0.9141. The current conversion factor used to
estimate the minimum dose at location D from the dose received
at location B for the period of 2019-present shown in Table 2 is
x0.834, and to convert the dose at location B to the estimated
dose at the maximum dose location, location H, the conversion
factor is x0.908.
Frontiers in Immunology | www.frontiersin.org 659
The estimated minimum dose received in each of 587
irradiation events during GMP manufacturing of PfSPZ
Vaccine was very consistent (Figure 6), ranging from 150.0 Gy
to 159.3 Gy, with a mean estimated minimum dose of 154.3 ±
1.77 Gy. The mean estimated maximum dose delivered in all
irradiation runs was 166.3 ± 3.65 Gy, (range 155.7 Gy to 175.3
Gy), well below the highest acceptable maximum dose of 190 Gy.
The overall dose uniformity was 1.078 ± 0.012.

The viability of PfSPZ in production lots is assessed using a
sporozoite membrane integrity assay (SMIA), and is routinely
conducted on vaccine bulk product prior to fill-finish. The SMIA
results for PfSPZ Vaccine (radiation-attenuated) and PfSPZ
Challenge (non-irradiated) have been published previously on
several occasions: for example, the viability of PfSPZ after
irradiation and prior to cryopreservation was reported as 97%
(17) and for non-irradiated PfSPZ prior to cryopreservation the
viability has been reported as 98.2% (27).

Clinical Trials of Radiation-Attenuated
PfSPZ in PfSPZ Vaccine
In the 21 clinical trials conducted to date using radiation-
attenuated PfSPZ, 1,740 volunteers aged 5 months to 61 years
have received 5,648 doses of PfSPZ Vaccine, meaning that >5.3 x
FIGURE 4 | Radiochromic film mapping of the IC of the IMTCs: three runs. The image from run 1 is at left, from run 2 in the center and from run 3 is at right. The
dose received at the center of the film (position E) was 42.9 Gy (run 1), 41.8 Gy (run 2) and 42.5 Gy (run 3). See Table 2 for dose levels recorded for the minimum
dose locations (position F, bottom center of each film) and maximum dose locations (position H, at the side wall equator of each film).
TABLE 1 | Radiation doses recorded in the ICs of the IMTCs in the radiochromic film study in Figure 4.

Data source Position in IMTC Run Number Mean ± SD

1 2 3

Radiation dose received (Gy)

Alanine dosimeter B 49.6 49.7 49.4 49.6 ± 0.15
Radiochromic film E 42.9 41.8 42.5 42.4 ± 0.56

F 38.3 38.5 39.5 38.8 ± 0.64
H 46.9 47.1 47.4 47.1 ± 0.25

Radiation dose ratio

Dose uniformity H/F 1.225 1.223 1.200 1.216 ± 0.014
Adjustment factor, minimum dose F/B 0.772 0.775 0.800 0.782 ± 0.015
Adjustment factor, maximum dose H/B 0.946 0.948 0.960 0.951 ± 0.008
February 2022 | Volume 13 |
The doses received at the center of each film (location E), at the minimum dose location (location F, up to 2019), and the maximum dose location (location H) are shown together with the
doses received by the reference alanine dosimeters at location B. Dose uniformity describes the range of dose between the maximum dose location (H) and the minimum dose location (F)
expressed as H/F. The adjustment factors for estimating the minimum dose at F and the maximum dose at H from the dose received by the reference dosimeter at B are also included.
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109 irradiated PfSPZ have been administered to human subjects.
There have been no breakthrough infections. The 100%
infectious dose (ID100) for non-irradiated PfSPZ (Sanaria®

PfSPZ Challenge (NF54)) administered by direct venous
inoculation (DVI) is 3.2 x 103 PfSPZ (27), which has been
confirmed in 79 of 79 malaria-naive subjects receiving their
first CHMI given by injection (28–31). The highest dose of PfSPZ
Vaccine administered has been 2.7 x 106 PfSPZ, which represents
840x the ID100 [(32, 33), Sirima et al, submitted for publication].
Overall, the equivalent of more than 1.6 x 106 ID100s have been
administered without a breakthrough.
DISCUSSION

We describe here the studies supporting the GMP radiation-
attenuation methodology used in the manufacture of PfSPZ
Vaccine, a radiation-attenuated, purified and cryopreserved,
metabolically-active, non-replicating, whole sporozoite vaccine
against malaria which has demonstrated unparalelled efficacy,
safety and tolerability. In the 21 clinical trials conducted to date,
Frontiers in Immunology | www.frontiersin.org 760
three trials have shown 100% protection against homologous
controlled human malaria infection (CHMI) (17, 19, 20).

Some of the initial concerns considered during development
of a radiation-attenuated malaria vaccine were that attenuation
by irradiation would be difficult to manage, that the parasites
would have the potential to cause infections because of
inadequate attenuation, or would cause an inferior and non-
protective immune response due to over attenuation. None of
these three scenarios has occurred.

Although the precise mechanisms whereby irradiation
prevents replication is not understood, it is likely that damage
to DNA results in multiple redundant defects providing a high
level of assurance that no individual parasite would be capable of
replication. Parasite genes that do appear to be downregulated
following irradiation include those for DNA repair (34). Thus,
with over 5.3 x 109 PfSPZ irradiated and subsequently
administered to humans, not one has broken through. As the
data presented here demonstrate, the manufacturing process for
PfSPZ Vaccine maintains a tight control over the attenuation process.

PfSPZ administered directly by the bite of mosquitoes
subjected to 150 Gy did not lead to breakthrough infections
A B

FIGURE 5 | Regression analysis of irradiation time vs dose received at location F (minimum dose location) inside the IMTC. (A) Regression line plot in blue, 95%
confidence intervals in red. (B) Area in A between 145 Gy and 155 Gy enlarged with the lower and upper 95% confidence intervals. The time adopted for calculating
the target dose of 150 Gy is 2.285 min.
TABLE 2 | Mapping of the new ICs.

Data source Position in IMTC Run Number Mean ± SD

1 2 3

Radiation dose received (Gy)

Alanine dosimeter B 184.0 184.0 186.0 184.7 ± 1.2
D 153.0 155.0 154.0 154.0 ± 1.0
F 154.0 156.0 155.0 155.0 ± 1.0
H 167.0 168.0 168.0 167.7 ± 0.6

Radiation dose ratio

Dose uniformity H/D 1.0915 1.0839 1.0909 1.0888 ± 0.004
H/F 1.0844 1.0769 1.0839 1.0817 ± 0.004

Adjustment factor, minimum dose D/B 0.8315 0.8424 0.8280 0.8340 ± 0.008
F/B 0.8370 0.8478 0.8333 0.8394 ± 0.008

Adjustment factor, maximum dose H/B 0.9076 0.9130 0.9032 0.9080 ± 0.005
February 2022 | Volume 13
Irradiation doses received at the two alternative minimum dose locations (positions D and F) and at the maximum dose location (position H) inside the IC of the IMTC, and the dose received
at the reference dose location (position B). Also reported are the ratios of the doses received at each location (positions D, F and H) for the three ICs with reference to the doses received at
the reference location (B) and the dose uniformity values (H/D and H/F). All runs were performed on 25 July 2019 using an irradiation time of 3.85 minutes to deliver an estimated dose of
150 Gy at position D.
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whereas PfSPZ exposed to a dose 120 Gy PfSPZ were not fully
attenuated and breakthrough infections occurred (11, 12). In the in
vitro 6-day hepatocyte attenuation assay, liver stage parasites
develop from PfSPZ subjected to 120 Gy, but not after an
irradiation dose of 142.5 Gy (data to be published separately). For
the rodent malaria parasite, P. yoelii (Py), which has a lower
tolerance to irradiation than Pf, the minimum predicted dose to
achieve full attenuation in mice is 92.4 Gy (35). At a radiation dose
of 100Gy,PySPZwere fully attenuated; injectionof 1x105 irradiated
PySPZ to each of 41 mice failed to lead to infection, compared to a
dose of just 2.78 non-irradiatedPySPZ that infected50%of themice
(33). The minimum attenuating dose for P. berghei (Pb) also
appears to be 100 Gy (10), although most studies of immunity
stimulated by PbSPZ utilize 120-150 Gy (36, 37).

For manufacturing PfSPZ Vaccine, we chose a target
minimum dose of 150 Gy with an acceptable minimum dose
of 142.5 Gy (5% below the target dose) and a maximum dose of
190 Gy. If over-attenuated, the PfSPZ could potentially lose their
ability to stimulate a protective immune response in the liver. For
the rodent parasite PySPZ, doubling the attenuating dose (i.e. to
200 Gy) does not lead to a diminution of protection. However,
we wanted to provide a tighter range for the PfSPZ so selected, in
the absence of any available data, a dose of 190 Gy as the upper
threshold for acceptance. In practice, as indicated here, the
highest level of irradiation for the PfSPZ has been considerably
lower with a range maximum of 175.3 Gy, which is well below
the acceptable maximum dose. Overall, the mean estimated
minimum dose was 154.3 Gy and the mean estimated
maximum dose was 166.3 Gy for vaccine lots.

Irradiation using 60Co is a physical process. When incorporating
the defined half life decay of the sources (Equation 1) it should be
possible to deliver a precise dose of radiation and for there to be no
meaningful variability between runson the samedayorbetween runs
ondifferentdays.However, the irradiatorhasmovingpartswithsome
inertia or variability– these include the rotationof the turntable in the
irradiator chamber, the position of the reference dosimeter relative
to the sources when they are activated during a run, and the speed
with which the source rods are elevated by air pressure from the
compressor. There are uncertainties in the alanine processing
methodology to which NIST assigns a value of ±1.8%. Together
some of these factors may account for a portion of the overall ±3.1%
(150-159.3 Gy) variability seen between runs (Figure 6).
Frontiers in Immunology | www.frontiersin.org 861
60Co irradiation has proven to be a robust, repeatable and
reliable process, but has drawbacks because of attendant security
issues which significantly increase the cost, including running
personnel background checks, training and certification, and
security of controlled access and monitoring. These are fixed costs
thatwould be diluted by scaling up production, however, because of
the half life decay, the sources deplete over time and have to be
replenished. Our irradiator has undergone one upgrading event at
considerable cost. In the future it is likely that 60Co irradiation will
be replaced by X-ray irradiation, and Sanaria has begun to explore
the process of making this transition.
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Tick-borne encephalitis virus (TBEV) is a zoonotic flavivirus which is endemic in many
European and Asian countries. Humans can get infected with TBEV usually via ticks, and
possible symptoms of the infection range from fever to severe neurological complications
such as encephalitis. Vaccines to protect against TBEV-induced disease are widely used
and most of them consist of whole viruses, which are inactivated by formaldehyde.
Although this production process is well established, it has several drawbacks, including
the usage of hazardous chemicals, the long inactivation times required and the potential
modification of antigens by formaldehyde. As an alternative to chemical treatment, low-
energy electron irradiation (LEEI) is known to efficiently inactivate pathogens by
predominantly damaging nucleic acids. In contrast to other methods of ionizing
radiation, LEEI does not require substantial shielding constructions and can be used in
standard laboratories. Here, we have analyzed the potential of LEEI to generate a TBEV
vaccine and immunized mice with three doses of irradiated or chemically inactivated
TBEV. LEEI-inactivated TBEV induced binding antibodies of higher titer compared to the
formaldehyde-inactivated virus. This was also observed for the avidity of the antibodies
measured after the second dose. After viral challenge, the mice immunized with LEEI- or
formaldehyde-inactivated TBEV were completely protected from disease and had no
detectable virus in the central nervous system. Taken together, the results indicate that
LEEI could be an alternative to chemical inactivation for the production of a TBEV vaccine.
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INTRODUCTION

Tick-borne encephalitis virus (TBEV) belongs to the family
Flaviviridae of the genus Flavivirus which includes several
major human pathogens such as dengue, Japanese encephalitis,
Zika, West Nile, or yellow fever viruses (1). These are enveloped,
single positive-stranded RNA viruses which are primarily
transmitted by arthropod vectors (2). TBEV is transmitted by
ticks and is endemic to several European and Asian countries (3).
Its natural hosts are small rodents, but also humans can be
infected usually via tick bites, although they represent dead-end
hosts (4). With several thousand clinical cases per year, it is
currently the most important tick-borne virus, and disease
symptoms range from fever to neurological complications such
as meningitis and encephalitis, which in some cases can be fatal
(5). Especially older or immunocompromised individuals are at
risk of developing severe forms of illness.

Vaccines for the protection from TBEV induced disease are
available and widely used in endemic areas (6, 7). They consist of
whole viruses, chemically inactivated by formaldehyde (FA), a
technology used for decades to generate vaccines against many
different pathogens. Other examples include hepatitis A, seasonal
influenza, polio, or Japanese encephalitis viruses (8). Although
FA-inactivation is relatively simple and well established, the
process bears severe disadvantages: the chemical is toxic, which
complicates large-scale production processes and generates
problems of waste and residual traces in the final product. The
usage of only low amounts of FA leads to the need for long
inactivation times of several days or weeks (9). In addition, FA
acts by crosslinking and modifying structural components like
proteins, hence the treatment has been reported to damage
antigenic structures impacting antigenicity of vaccines (8, 10,
11). Other chemicals used to inactivate viruses, mostly the
alkylating compound b-propiolactone, have less impact on
antigenicity but are also highly hazardous (12). Therefore,
there is a need for novel inactivation methods as alternatives to
chemical treatment.

A technology for the inactivation of pathogens that does not
rely on chemical treatment is ionizing radiation, which primarily
destroys nucleic acids, but leaves other structural components
largely intact (13). It is known that pathogens inactivated by
gamma-, high energy electron or X-radiation can induce highly
protective immune responses (14–17). However, a major
drawback of the existing radiation technologies is the
requirement of complex shielding constructions that limit their
use to specialized radiation facilities (18). This is due to the high
doses necessary to inactivate viruses, which require and/or
generate large amounts of radioactivity. As a consequence,
ionizing radiation has not been compatible with pharmaceutical
production processes, and viral vaccine candidates developed
using irradiation remain experimental until today.

We have previously shown that low-energy electron
irradiation (LEEI) overcomes these major limitations of other
ionizing irradiation technologies. LEEI consists of electrons
accelerated with up to 500 kilo electron volts (keV) and very
rapidly delivers high doses necessary for pathogen inactivation,
but only requires minimal shielding, which enables its use in
Frontiers in Immunology | www.frontiersin.org 265
standard laboratories (19). Different pathogens have been
inactivated using LEEI, and the studies showed the potential of
the technology to generate efficient vaccines (20–22). In addition,
principles for automated processing of LEEI in a biotechnological
production setting have been developed (19). Here, we describe
the application of LEEI in such an automated process on TBEV
and investigate whether LEEI could be an alternative to chemical
inactivation in generating a TBEV vaccine.
MATERIALS AND METHODS

Cell and Virus Culture
BHK-21 cells and Vero E6 cells (DSMZ, Braunschweig,
Germany) were propagated in Dulbecco’s modified Eagle’s
medium (DMEM, ThermoFisher Scientific, Germany)
supplemented with 10% heat inactivated FCS and 1%
penicillin/streptomycin (Gibco) at 37°C and 5% CO2.

TBEV (Hypr 9BMP U39292.1, kindly provided by Uwe
Liebert, Institute for Virology, Leipzig University) was
cultivated in BHK-21 cells. Cells were infected with a
multiplicity of infection of 0.1 TCID50/cell and incubated for 2
days at 37°C and 5% CO2. The virus was purified from cell
culture supernatant by ultracentrifugation (30,000 rpm) on a
sucrose cushion (15% (w/v) sucrose in PBS) for 3 h at 4°C.

Titration of TBEV was performed by tissue culture infectious
dose 50 (TCID50) assay on BHK-21 cells. In short, for the
TCID50 assay 10-fold dilutions of viral stocks were incubated
on confluent BHK-21 cell monolayers in a 96-well microwell
plate for 4 days. The cells were monitored for cytopathic effects
(CPE) and the titer was calculated using the Reed-Muench
method (23).

LEEI-Based Inactivation
Virus samples were irradiated as previously described (19).
Briefly, irradiation was performed in a custom-built irradiation
device situated at the Fraunhofer Institute for Cell Therapy and
Immunology (Leipzig, Germany). The device can accommodate
different modules that enable an automated LEEI of liquids. A
module using disposable bags was used for TBEV irradiation.
The bags made of polyethylenterephthalat were filled with 10 ml
purified TBEV diluted in PBS containing the stabilizer trehalose
at 12% (w/v) and sealed. The filled bags are automatically passed
through the irradiation source at a fluid velocity of 50 mm/s. For
irradiation the acceleration energy was set to 300 keV and the
applied irradiation dose was adjusted by regulating the beam
current (in mA). As a control one bag was processed in the
module without LEEI (0 kGy). All experiments were performed
at 4°C. Afterwards the bags were reopened and the samples were
recovered for further experiments.

Chemical Inactivation
Chemical inactivation of TBEV was conducted according to
WHO’s Good Manufacturing Practice guidelines (24). Briefly,
purified TBEV in PBS containing 12% trehalose was mixed with
formaldehyde to a final concentration of 0.05% (ThermoFisher
Scientific, Germany) and incubated at 22°C for 5 days.
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To remove residual formaldehyde the samples were dialyzed
against cold PBS for 2 h. Inactivation was verified as described in
section Verification of TBEV Inactivation.

Verification of TBEV Inactivation
To identify the LEEI-dose necessary for complete inactivation of
TBEV, irradiated samples were analyzed on BHK-21 cells seeded
in 6-well cell culture plates one day prior to infection. The cells
were inoculated with 100 μl of irradiated or active TBEV as a
positive control per well (in duplicates). Mock-infected wells
served as a negative control. Cells were observed for the
appearance of cytopathic effects (CPE) over 3 days. Cell culture
supernatants were then passaged onto fresh cells and observed
for another 3 days. The sample was regarded as inactivated when
no CPE was visible after passage. Samples with visible CPE were
titrated in a TCID50 assay to quantify the titer reduction of
infectious virus caused by LEEI.

A second experiment was conducted to re-confirm the
inactivation of TBEV using 20 kGy. Active TBEV served as a
positive control and mock-infected cells as a negative control.
BHK-21 cells seeded in 6-well cell culture plates were
inoculated with virus samples (in triplicates). After
adsorption at 37°C for 1 h, the virus-containing medium was
collected, cell monolayers were washed with PBS to completely
remove unadsorbed virus and incubated further in fresh cell
culture medium for 3 days. Cell culture supernatants were then
passaged twice onto fresh cells and incubated for another 3 days
per passage. After each passage, 140 μl of cell culture
supernatant was used for the extraction of viral RNA using
QIAamp viral RNA mini kit following manufacturer’s
instructions. Isolated RNA was then analyzed using RT-qPCR
as described in Quantification of Viral RNA and Infectious
Virus in Organ Homogenates.

ELISA
The influence of either LEEI-based or formaldehyde inactivation
on the antigenicity of TBEV compared to the non-treated
controls was tested by an indirect enzyme-l inked
immunosorbent assay (ELISA). In short, inactivated TBEV
samples were coated on a NUNC polysorp 96-microwell plate
(ThermoFisher Scientific, Germany) in coating buffer (35 mM
Na2HCO3 /15 mM Na2CO3, pH 9.6), in a total volume of 100 μl
per well overnight at 4°C. The plate was washed three times in
PBS containing 0.05% (v/v) Tween20 (PBS-T) and wells were
blocked with 5% (w/v) skim milk powder in PBS. Sera from two
patients tested positive for TBEV by virus neutralization tests
(kindly provided by Luisa Barzon, Padova University, Italy, with
approval from the local ethical review board) were diluted 1:100
in 100 μl 5% (w/v) skim milk in PBS and added for 2 h at room
temperature. After another wash step the plate was incubated
with a secondary HRP-conjugated goat anti-human IgG
antibody (1:20,000, Dianova, Hamburg, Germany) for 1 h at
room temperature. The plate was washed again and TMB-ELISA
substrate (Biozol, Eching, Germany) was added for 30 min
at room temperature. The reaction was stopped by addition of
1M H2SO4. Absorbance was measured at 450 nm and 520 nm
Frontiers in Immunology | www.frontiersin.org 366
reference wave length in a standard ELISA reader (Infinite M200,
Tecan, Männedorf, Switzerland).

For the analysis of TBEV-binding antibodies, active TBEV
was coated on NUNC PolySorp 96-microwell plates overnight at
4°C. Heat inactivated (56°C for 30 min) sera from the
immunized mice were diluted 1:100 in 5% skim milk in PBS,
50 μl were added to each well in duplicates and binding mouse
IgG were detected with a HRP-conjugated rabbit anti mouse IgG
antibody (1:2000, Dako, Glostrup, Denmark). To test for the
avidity of TBEV-binding antibodies in the mouse sera, an
additional 3 min washing step using 7 M urea in PBS-T was
included after serum incubation. The denaturing urea treatment
disrupts weak antibody-antigen complexes and by that
dissociates antibodies binding with low affinity. An identical
plate without the urea wash served as a reference to calculate the
relative avidity with the following formula:

relative avidity½%� = OD450=520 nmwith 7M urea wash

OD450=520 nmwithout urea wash
� 100

Virus Neutralization Assay
TBEV neutralizing antibodies in mouse sera taken 1 week after
the second and third immunization were measured in a focus
reduction neutralization test (FRNT). The sera were serially
diluted and incubated with 80 focus forming units (FFU) of
purified TBEV for 1 h at 37°C. The virus-serum mixture was
transferred to Vero E6 cell monolayers in 96-well microwell
plates and incubated for another hour. Cells were overlaid with
1% methylcellulose in DMEM with 2% FCS and 1% penicillin/
streptomycin and incubated for 2 days. The cells were fixed with
4% formaldehyde in PBS and permeabilized in Perm-Wash
buffer (0.1% Saponin and 0.1% BSA in PBS). Immunostaining
of TBEV foci was performed using the primary flavivirus
antibody 4G2 (Absolute antibody, Oxford, UK) as described
previously (25). Neutralizing antibody titer was defined as the
reciprocal of the last serum dilution that showed a minimal 50%
reduction of TBEV foci compared to sera from sham-immunized
mice. Each experiment was performed in duplicates.

TBEV Immunization and
Challenge Experiment
All animal experiments were carried out in accordance with
the EU Directive 2010/63/EU for animal experiments and were
approved by local authorities (No.: TVV 01/20). Female BALB/
c mice (8 weeks old) were obtained from Charles River
(Germany) and kept in a specific pathogen-free environment
in isolated ventilated cages. Groups of eight mice were
immunized three t imes at a two-week interval by
intramuscular (i.m.) injection into the hind limbs of 100 μl (2
sites, 50 μl each) of 1:1 mixture of Alhydrogel (aluminum
hydroxide gel adjuvant, 10 mg/ml aluminum, InvivoGen,
France) with either LEEI- or formalin-inactivated TBEV at a
dose of 106 TCID50. The immunization schedule with three
doses was based on the study by Salat et al. (26), which used the
same viral and animal strains. Control mice were sham
immunized with vehicle solution (1:1 mixture of Alhydrogel
March 2022 | Volume 13 | Article 825702
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and PBS + 12% trehalose). Blood was collected from the
retrobulbar venous sinus at three time points: one week prior
to the first immunization and one week after the second and the
third immunization. After collection, blood samples were
incubated at room temperature for 30 min and centrifuged at
8000 g for 10 min to obtain serum for analysis of TBEV-binding
and neutralizing antibodies. Two weeks after the third
immunization, all mice were challenged with 100 μl
containing 4.4 x 104 TCID50 of purified TBEV via
intraperitoneal injection. Clinical development of disease was
monitored daily for 14 days post-infection and score points
were given according to the following criteria: body weight loss
(0 points= no weight loss, 5 points= 8-10%, 10 points= 11-19%,
20 points= weight loss ≥20% of initial weight); fur condition
(0 points = shiny and clean coat, 2 points = piloerection,
5 points = ruffled fur); eye appearance (0 points= open healthy
eyes, 5 points= mildly inflamed, 10 points = highly inflamed and
closed); gastrointestinal symptoms due to distention of the intestine
(0 points= no symptoms, 5 points= mild, 10 points= moderate
abdominal swelling); body posture (0 points= normal posture,
20 points= hunched body posture); activity level and motor
function (5 points= slightly reduced activity and reaction,
10 points= coordination disorder and reduced activity, 20 points=
apathy and morbidity); neurological symptoms (5 points= mild
paralysis of one limb, 10 points= mild paralysis of two limbs,
20 points= complete paralysis of two limbs). Humane endpoints
requiring euthanasia were defined as reaching a cumulative score
points of 20 for a period of 24 h. Animals acquiring cumulative
score points greater than 20 were immediately euthanized.

Quantification of Viral RNA and Infectious
Virus in Organ Homogenates
Brains and spinal cords were isolated and homogenized in
gentleMACS™ M Tubes (Miltenyi Biotec, Germany)
containing 2 ml of ice-cold PBS using gentleMACS Dissociator
(Miltenyi Biotec, Germany). Homogenized tissues were cleared
of debris by centrifugation at 2000 g and 4°C for 5 min. RNA was
isolated from 140 μl of homogenate supernatants using
QIAamp-Viral-RNA-Mini Kit (Qiagen, Germany) according to
the manufacturer’s instructions. 5 μl of isolated RNA was reverse
transcribed and analyzed with the QuantiTect probe RT-PCR
kit (Qiagen, Germany) using TBEV forward primer (5’-
GGGCGGTTCTTGTTCTCC-3’), TBEV reverse primer (5’-AC
ACATCACCTCCTTGTCAGACT-3’) and TBEV probe (5’-TG
AGCCACCATCACCCAGACACA-3’) labeled with 6-FAM at
the 5’ end (27). 10-fold dilutions of plasmid DNA containing the
TBEV-target sequence were used as standards for the
quantification of viral genome copy numbers in mouse
samples. The presence of PCR inhibitors in mouse brain and
spinal cord homogenates was excluded by performing an RNA
isolation from homogenate samples with the addition of an
internal RNA extraction control provided in genesig® TBEV
advanced kit (Primerdesign™ Ltd, UK). The quantity of added
internal RNA control detected by qPCR was within the normal
range (Cp values of 28 ± 3) according to the information
provided by the manufacturer.
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For the detection of infectious virus in brain and spinal cord
homogenates, Vero E6 cells were seeded at 2.5 x104 cells/well in a
96-well plate in 200 μl of DMEM, 10% FCS, 1% penicillin/
streptomycin one day before infection. Next day, the medium
was changed to DMEM, 1% penicillin/streptomycin. Serially
diluted homogenates were applied in duplicates onto the cells
and exchanged for medium after one hour. After two days,
TBEV- foci were visualized using immunostaining as described
in Virus Neutralization Assay section and infectious viral titers
were calculated in FFU/ml of homogenate.

Statistical Analysis
Statistical analysis was performed with GraphPad Prism 6.0.7
(GraphPad Software, Inc., La Jolla, CA, USA). Data were checked
for normality using the Shapiro-Wilk test. Normally distributed
data of the antibody avidity was analyzed using an unpaired t-
test. For analyzing not normally distributed antibody data, a
Mann-Whitney-U-test was applied. Differences between groups
in clinical score and weight loss on each day post-infection and
differences in viral loads were analyzed by a Kruskal-Wallis-test
followed by a Dunn’s post-hocmultiple comparison test. Level of
significance is indicated with * = p < 0.05, ** = p < 0.01, *** =
p < 0.001.

RESULTS

LEEI-Based Inactivation of TBEV
TBEV was purified from cell culture supernatant and treated in
liquid solution with different doses of LEEI to determine the dose
necessary for complete inactivation of the virus. Irradiation with
10 kGy reduced the amount of TBEV to a titer below the
detection limit, but a CPE was still visible after one passage in
the inactivation test. A complete viral inactivation resulting in no
detectable infectious virus in cell culture after passage was
achieved by application of 20 kGy (Table 1).

The inactivating dose of 20 kGy was re-confirmed by two
rounds of passages of the irradiated material on cells and the
measurement of viral RNA every three days. TBEV RNA could
be detected in the non-treated sample throughout the
experiment. However, in the LEEI treated TBEV, viral RNA
was only present in the inoculum, but not after passaging the
material (Figure 1).

Conservation of Antigenicity Upon
Inactivation
The impact of LEEI on antigenic structures of TBEV was
analyzed in an ELISA assay. Irradiated TBEV samples were
TABLE 1 | Testing of TBEV inactivation with different doses of LEEI; the
detection limit is 100 TCID50/ml.

LEEI dose [kGy] CPE after 1 passage Titer of active TBEV [TCID50/ml]

0 + 5 x 106

10 + < 102

20 – < 102

30 – < 102
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investigated and compared to FA-inactivated TBEV, derived
from the same viral stock solution. Untreated TBEV virus
stock and the non-irradiated sample passing the process (0
kGy) served as controls. Human sera from two individuals
infected with TBEV were added to investigate TBEV
antigens (Figure 2).

A minor loss in antigenicity was caused by the handling of the
virus in the automated LEEI-module, independent from
irradiation, as evident from the comparison of untreated (set to
100%) and 0 kGy samples (88.2 ± 5.9%). After application of LEEI,
a reduction of signal was detected. Antigen integrity after 20 kGy
(72.8 ± 8.5%), which leads to complete inactivation of the virus,
was on a similar level as the FA inactivated TBEV (75.2 ± 11.7%).
LEEI and Formaldehyde Inactivated TBEV
Elicit Binding and Neutralizing Humoral
Immune Responses in Mice
To analyze the potential of LEEI as an alternative inactivation
method for providing a safe and immunogenic TBEV vaccine, an
immunization study was conducted. TBEV was inactivated
either with LEEI or FA and mixed with an aluminium-based
adjuvant. Identical titers from the same stock solution were used
for both inactivation procedures, in order to ensure that both
animal groups received the same amount of inactivated viral
particles, equivalent to 106 TCID50. BALB/c mice (eight per
Frontiers in Immunology | www.frontiersin.org 568
group) were immunized three times via intramuscular injection
according to the immunization scheme shown in Figure 3A.
Mice immunized with buffer and adjuvant only served as sham-
immunized controls. TBEV-specific antibodies could be detected
in the blood of all immunized mice one week after the second
vaccination (Figure 3). The value of absorbance corresponds to
the amount of TBEV-specific IgG in the sera which bind to
antigens on the whole virus. The antibody titers in mice receiving
LEEI-inactivated TBEV were significantly higher (unpaired
Mann-Whitney U-test; P=0.0006) than those of animals
immunized with FA-inactivated TBEV (Figure 3B). The third
immunization further increased the level of TBEV-binding
antibodies in all immunized animals and the difference
remained statistically significant (unpaired Mann-Whitney U-
test; P=0.028). At any time points no TBEV-specific antibodies
could be detected in the control animals.

Additionally, the avidity of the TBEV-binding antibodies was
analyzed by measuring the release of TBEV-bound antibodies
caused by the treatment with urea as a chaotropic agent in an
ELISA assay (Figure 3C). The data show a similar pattern
compared to the TBEV-binding antibodies. Antibody avidity in
the sera of the LEEI-group was significantly higher (unpaired t-
test; P=0.0019) after the second immunization than in the group
immunized with FA-treated TBEV. The third immunization led
to an increase in the antibody-avidity in all mice of both
vaccinated groups. The superiority of the antibody-avidity in
FIGURE 2 | Antigenicity of inactivated TBEV samples. Virus inactivation
process was performed either with 20 kGy LEEI or with 0.05% formaldehyde
(FA). The ELISA was performed with serum from two TBEV immune individuals.
Untreated: virus before inactivation; 0 kGy: virus undergoing the LEEI-process
without irradiation; blank: dilution buffer. Shown are mean values of three
measurements in duplicates ± standard deviations. Statistical analysis was
performed using Kruskal-Wallis test and Dunn’s test of multiple comparisons.
No statistically significant differences were detected among the groups.
FIGURE 1 | Confirmation of inactivation of LEEI-TBEV samples used for mice
immunization. Virus inactivation was performed using a LEEI dose of 20 kGy.
Samples were transferred in triplicates to BHK-21 cells and after 3 days the
supernatant was passaged onto fresh cells, followed by another passage
three days later. Negative control= mock-infected cells; positive control=
active TBEV undergoing the LEEI process without irradiation; P0 samples
collected at 1 hour post-inoculation; P1= supernatant collected 3 days after
inoculation; P2= supernatant collected 3 days after the first passage; P3=
supernatant collected 3 days after the second passage. Collected cell culture
supernatants were analyzed for TBEV RNA by RT-qPCR. Shown are mean
values of triplicates ± standard deviations. The dotted line indicates the limit of
detection (100 viral RNA copies).
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the LEEI- over the FA-group was still visible after the third
immunization, however, without statistical significance
(unpaired t-test; P=0.178).

Next, induction of neutralizing antibodies after the second
and third immunizations was evaluated using a focus-reduction
neutralization test (FRNT) (Figure 3D). After the second
immunization, sera from all LEEI-TBEV immunized mice
showed neutralizing activity with an average neutralizing titer
of 70, whereas three of the mice immunized with FA-inactivated
TBEV had neutralizing titers near the detection limit (FRNT50 =
20). The third immunization increased the neutralizing titers in
both immunized groups to a similar level of mean titers of 120.
Serum of sham-immunized mice showed no detectable
neutralizing activity at both investigated time-points.

LEEI- and Formaldehyde Inactivated
TBEV Vaccine Protect Mice
Against TBEV Challenge
In order to assess the protective efficacy of the LEEI-inactivated
TBEV vaccine, immunized mice were challenged with active
Frontiers in Immunology | www.frontiersin.org 669
TBEV two weeks after the third immunization. Mice were
monitored for clinical score and weight loss for 14 days
following virus challenge. Starting from 7 days post-infection,
sham-vaccinated mice developed first clinical symptoms, like
ruffled fur and reduced activity, and began to lose weight. In the
following days, the clinical symptoms started to worsen. The
symptoms ranged from increased weight loss (up to 11%),
abdominal swelling caused by distention of the intestine,
ocular inflammation to impaired movement and lethargy,
which led to euthanasia of four mice of the control group
according to humane endpoints. The remaining four sham-
immunized mice all showed symptoms of illness, but were able
to survive the infection, which resulted in a 50% (n=4/8) survival
rate in the control group. In contrast, none of the mice
vaccinated either with LEEI- or FA-inactivated TBEV showed
clinical symptoms or weight loss during the entire study duration
of 14 days, and all of them survived the infection (Figures 4A, B).
The differences in cumulative clinical score of both vaccinated
groups in comparison to the control vaccinated were statistically
significant at day 8, 9 and 10 post-infection (Kruskal-Wallis and
C DB

A

FIGURE 3 | Humoral immune responses after immunization with different inactivated TBEV vaccines. BALB/c mice (n=8) were immunized three times with TBEV
inactivated either with 20 kGy LEEI (squares) or 0.05% FA (dots). Sham-immunized mice (triangles) received only buffer and adjuvant. (A) scheme of the immunization
experiment. (B, C) Binding antibodies (B) and antibody avidity (C) were analyzed in IgG-ELISAs with untreated purified TBEV virions as coating antigen. For avidity
measurement, the IgG-ELISA was performed with and without an additional urea wash step after the antibody binding. Both signals were compared in order to
calculate the relative antibody avidity. Each data point represents an individual mouse of the same experiment. Data derive from two independent ELISA-assays,
each serum sample measured in duplicates per run. Mean values of the groups ± standard error of the mean (SEM) are indicated. (D) Neutralizing activities of mouse
sera were measured in focus reduction neutralization tests. The dotted line represents the lower detection limit (FRNT50 = 20). Shown are the neutralizing titers of
individual mice and the geometric mean of each group. Data derive from two independent FRNT50 assays. All data were tested for normal distribution by a Shapiro-
Wilk test. Statistical analysis of normally distributed avidity data was performed by an unpaired t-test. Binding and neutralizing antibodies were analyzed using an
unpaired Mann-Whitney U-test (∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001).
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Dunn’s test; P values= 0.0105, 0.0053 and 0.0021, respectively).
Upon reaching humane endpoints or the latest on day 14 post-
challenge, mice were euthanized, and homogenized brains and
spinal cords were used to determine viral load by quantitative
RT-PCR and virus growth assays (Figures 4C, D). Viral RNA
copy numbers remained below the detection limit (100 viral
genome copies) in all vaccinated mice, with no differences
between both vaccinated groups. In addition, 50% of the sham-
immunized control mice that had to be euthanized due to
reaching defined humane endpoints showed high viral RNA
loads at the time of euthanasia in both brain and spinal cord
samples. The surviving mice of the control group had no
detectable viral RNA at the end of the experiment. The
geometric means of viral RNA load in the brains and spinal
cords of all control vaccinated mice were 9.9 x 103 and 7.4 x103

genome copies in the tested material, respectively. Viral RNA
reduction in both vaccinated groups compared to the control
vaccinated mice was over 90-fold in the brain samples and 70-
fold in the spinal cord samples (Kruskal-Wallis and Dunn’s test;
Frontiers in Immunology | www.frontiersin.org 770
P=0.0105). Similar significant reduction (Kruskal-Wallis and
Dunn’s test; P=0.0105) in infectious viral titers were observed
in organ homogenates of vaccinated mice (all below the limit of
detection of 10 FFU/ml) in comparison to the control group that
showed geometric means of infectious virus of 2.1 x 103 and
5.6 x103 FFU/ml in brains and spinal cords, respectively.
DISCUSSION

In this study, we analyzed the potential of LEEI as an alternative
to chemical treatment for the production of an inactivated
TBEV-vaccine. In contrast to other technologies for ionizing
radiation, LEEI does not need heavy shielding constructions and
therefore has the potential for integration into pharmaceutical
production facilities. The major challenge of LEEI is the low
penetration depth of the low-energy electrons, which has limited
its use so far mainly to the sterilization of surfaces (28). By
developing processes to transform liquids into thin films for an
BA

DC

FIGURE 4 | Protective efficacy of inactivated TBEV vaccines against viral-challenge in mice. Immunized mice were infected two weeks after the third immunization
with active TBEV. Mice were monitored daily for 14 days post-infection for body weight (A), and clinical score (B). Mice were euthanized upon reaching humane
endpoints (marked by a cross) or latest at day 14 post-infection. Body weight and cumulative clinical score are presented as means ± standard errors. After
euthanasia, brains and spinal cords were collected and homogenized for viral RNA load analysis using RT-qPCR (C) and quantification of infectious virus by a focus-
forming assay (D). Shown are viral RNA copy numbers and infectious viral titers of individual mice, geometric means of the groups, and viral reduction compared to
the sham-immunized group. Dotted lines indicate limit of detection (= 100 viral genome copies in C and 10 FFU/ml in D). Statistical evaluation of all data was
performed using Kruskal-Wallis test and Dunn’s pairwise multiple comparison test. The analysis of weight loss and clinical score was performed for each day post-
infection and the statistically significant differences are indicated at the corresponding days (∗p < 0.05; ∗∗p < 0.01).
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automated application, this problem was solved and LEEI was
made applicable for the inactivation of pathogens in solution
(19). TBEV was treated with LEEI of different doses, and 20 kGy
were found to inactivate the virus completely. This is in line with
the related flavivirus Zika virus, for which an LEEI-dose of 20
kGy for a complete inactivation was also established (19). 20 kGy
was also reported in a previous publication on gamma-irradiated
TBEV (29). However, another study found 50 kGy of gamma-
radiation to be required for complete inactivation (30). The
discrepancy is likely to be based on different irradiation
conditions, such as media or temperature. It has been shown
that sensitivity to ionizing radiation increases at higher
temperatures (31). Hrusková and this study used samples at
room temperature or 4°C, respectively. Feldmann et al.,
irradiated the virus on dry ice.

When compared to the currently used production process of
FA-inactivation, LEEIhas important advantages. Itdoesnot require
any toxic chemicals, and the process is much faster. In the setting
presented here, 10minuteswere sufficient to inactivate 10milliliters
of TBEV. Using a recently developed continuous irradiation
technology, even multi-liter scale preparations could be
inactivated within hours (19). This represents a significant
improvement over the 5 days inactivation with FA and would
substantially speed up the vaccine production process.

In accordance with previously reported data from other LEEI
inactivated pathogens, the antigenicity of TBEV was not
substantially changed by the radiation. Consequently, when
administered to animals, the LEEI-inactivated virus induced
detectable TBEV-binding antibodies. The titers were significantly
higher in themice receiving the LEEI-inactivated TBEV than in the
group immunized with FA-inactivated virus. After the second
immunization also the avidity of the antibodies, which has been
shown to correlate with protection (7, 32), was significantly higher
after immunization with LEEI-inactivated TBEV. These
observations could be explained by the better preservation of
antigens in their natural confirmation during the irradiation-
based inactivation process. The impact of FA on the antigenicity
of vaccine preparations of several pathogens is known, and also for
TBEV it has been demonstrated that treatmentwith FA leads to the
loss of several epitopes within the envelope protein, the most
important antigen for flavivirus vaccines (33).

The protective efficacy of the vaccine preparations was analyzed
in a viral challenge experiment. When infected with live virus, all
animals immunized with LEEI- or FA-inactivated TBEV survived
without symptoms,whereas the controlmice all developeda clinical
score, and50%of themdidnot survive. In addition, noviralRNAor
infectious virus was found in the brains or the spinal cords of
vaccinated animals. Mice immunized with either LEEI- or FA-
Frontiers in Immunology | www.frontiersin.org 871
inactivated TBEV were thus completely protected from virus
challenge. On the other hand, it was therefore not possible to
detect significant differences in vaccine efficacy between the two
inactivation methods. It remains to be determined whether the
higher avidity of the antibodies induced by LEEI after two
immunizations increases protection over chemically inactivated
TBEV. A way to address this further would be the usage of a more
stringent challenge and/or less antigen per dose. In addition, an
immunization schedule of only two doses could be employed.

Taken together, we show that LEEI efficiently inactivates
TBEV while maintaining its antigenic properties. Upon
vaccination, LEEI-inactivated TBEV induces antibodies of high
avidity and protects animals from symptomatic infection and
viral load in the CNS. The results indicate that LEEI is worth
being further evaluated as an alternative to chemical inactivation,
in order to eventually avoid the usage of hazardous substances
for the production of inactivated TBEV vaccines.
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Electron beam (eBeam) inactivation of pathogens is a commercially proven technology in
multiple industries. While commonly used in a variety of decontamination processes, this
technology can be considered relatively new to the pharmaceutical industry. Rotavirus is
the leading cause of severe gastroenteritis among infants, children, and at-risk adults.
Infections are more severe in developing countries where access to health care, clean
food, and water is limited. Passive immunization using orally administered egg yolk
antibodies (chicken IgY) is proven for prophylaxis and therapy of viral diarrhea, owing to
the stability of avian IgY in the harsh gut environment. Since preservation of viral
antigenicity is critical for successful antibody production, the aim of this study was to
demonstrate the effective use of electron beam irradiation as a method of pathogen
inactivation to produce rotavirus-specific neutralizing egg yolk antibodies. White leghorn
hens were immunized with the eBeam-inactivated viruses every 2 weeks until serum
antibody titers peaked. The relative antigenicity of eBeam-inactivated Wa G1P[8] human
rotavirus (HRV) was compared to live virus, thermally, and chemically inactivated virus
preparations. Using a sandwich ELISA (with antibodies against recombinant VP8 for
capture and detection of HRV), the live virus was as expected, most immunoreactive. The
eBeam-inactivated HRV’s antigenicity was better preserved when compared to thermally
and chemically inactivated viruses. Additionally, both egg yolk antibodies and serum-
derived IgY were effective at neutralizing HRV in vitro. Electron beam inactivation is a
suitable method for the inactivation of HRV and other enteric viruses for use in both
passive and active immunization strategies.
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INTRODUCTION

Routine pathogen inactivation methods in the pharmaceutical
industry include chemical and thermal treatments. Both are
lengthy procedures, and the former requires additional
processing to remove chemical residue from the final
formulation. Chemical and heat inactivation also pose a greater
risk of protein denaturation, thus compromising antigenicity
typically defined as the capacity to be recognized by an antigen-
specific antibody. Electron beam (eBeam) inactivation of
pathogens is a commercially proven method for the
inactivation of microorganisms used extensively in the medical
device sterilization and food processing industries (1–4). In this
technology, highly energetic electrons are accelerated to 99.999%
the speed of light, in “accelerators” and guided into a single
beam. Microbial inactivation results from both direct damage to
the nucleic acids by electrons or indirectly from high reactive
radiolytic species produced by the radiolysis of water molecules
by the energetic electrons. Both single and double strand breaks
can be generated rendering the organism inactive. Studies in our
laboratories have shown that bacterial cells when inactivated
retain their metabolism for specific periods of time in a state
termed, Metabolically Active yet Non-culturable (MAyNC) (4).
This technology is used commercially for different applications
(2, 3), but its use for pathogen inactivation in pharmaceutical
development is relatively new. High energy eBeam (HEEB)
equipment are bulky and require large concrete structures and,
therefore, often difficult to incorporate into existing production
lines. However, major advances in low energy eBeam (LEEB)
technology have resulted in equipment that require minimal
shielding and with relatively small equipment footprint (3). The
availability of LEEB technology now facilitates the adoption of
eBeam technology as in-line equipment for the microbial target
inactivation in pharmaceutical production (2). Previous studies
have compared electron beam irradiation to traditional methods
of pathogen inactivation and concluded that eBeam is an
effective alternative (2, 3, 5).

Rotavirus is the leading cause of severe gastroenteritis in
infants, children, and at-risk adults (6–10). Infection results in
severe diarrhea, dehydration, and in some cases, death. With over
111 million cases, 2 million hospitalizations, and 300,000 deaths
each year, rotavirus infections are a global issue (11). Vaccination
is the primary method of rotaviral diarrhea prevention. RotaTeq™

and Rotarix™ are pentavalent and monovalent, live-attenuated
rotavirus commercial vaccines, respectively. They both induce
cross-protective antibody responses against multiple virus
strains. While these two commercial vaccines are effective in the
United States (88% and 90%, respectively), they’ve had minimal
success in developing countries (12). As a result, developing
countries have experienced over 80% of all rotavirus-related
deaths (11). The poor access to healthcare and costs associated
with vaccine storage, transport, and refrigeration make it difficult
for these countries to provide adequate protection through
vaccination (12, 13). Additional prophylactic strategies should be
developed to combat the infection burden in developing countries.

Chickens accumulate antibodies in the egg yolk as a source of
maternal immunity for the developing chick (14–16). Egg yolk
Frontiers in Immunology | www.frontiersin.org 274
antibodies (IgY) have a proven record of protecting against viral
infections by passive immunity that blocks the adhesion to and
invasion of the intestinal mucosa. This is because egg yolk
antibodies are more resistant to some of the harsh gut
conditions where these infections occur (14, 16). IgY is stable
at pH 4-9 and temperatures up to 65°C. Administration as a
lyophilized egg yolk powder may further stabilize the antibodies
at even lower pH and higher temperatures (17). Additionally, the
absence of a hinge region linking the Fab and Fc fragments
minimizes cleavage by endogenous proteases (17). Studies have
shown that anti-rotavirus egg yolk antibodies are therapeutically
effective and significantly reduce the duration of diarrhea in a
variety of hosts (16, 18–21). The objective of this study was to
explore the utility of eBeam technology for inactivating human
rotavirus and generating neutralizing egg yolk antibodies.
MATERIALS AND METHODS

The protocols and approvals by the Texas A&M Institutional
Animal Care and Use Committee (IACUC) and the Texas A&M
Office of Biosafety served as a guide for all animal and microbiota
studies. Animal Use Protocol (AUP) #2018-0127 and
Institutional Biosafety Committee (IBC) permit #2019-005
provided support for all animal immunization and rotavirus
studies, respectively. Hens were housed at the Texas A&M
Poultry Science Research Center and eBeam inactivation was
performed at the university’s National Center for Electron Beam
Research (NCEBR) per biosafety protocols.

Virus and Cells
Tissue culture adapted HRV Wa (G1 P[8]) and fetal monkey
kidney derived host cells, MA104, were purchased from ATCC.
Cells were maintained in complete Dulbecco’s Essential Medium
containing 8% Fetal Bovine Serum (Atlanta Biologicals), 1%
Glutamax, and 1% antibiotic-antimycotic (10,000 units/mL of
penicillin, 10,000 µg/mL of streptomycin, and 25 µg/mL of
amphotericin B; Gibco). The virus was activated with trypsin
(Gibco) at a concentration of 15mg/ml at 37°C for 1 hour. Next,
the activated virus was adsorbed onto monolayers of confluent
MA104 cells at 37°C for 90 minutes. The cells were re-fed with
serum-free Dulbecco’s Modified Essential Medium (Corning)
containing 1.5mg/ml trypsin, 1% antibiotic-antimycotic (10,000
units/mL of penicillin, 10,000 µg/mL of streptomycin, and 25 µg/
mL of amphotericin B; Gibco), and 25mM HEPES (Gibco), and
incubated at 37°C for 7 days or until cytopathic effect (CPE) was
observed (22, 23). Virus stocks were titered using a 50% Tissue
Culture Infectious Dose (TCID50) assay as described previously
(24). The highest dilution of virus that produced CPE in 50% of
the infected cells was considered as the endpoint. The titer of the
virus was calculated using the Karber method and expressed as
log10 TCID50/ml (25).

Electron Beam Inactivation of HRV
The eBeam inactivation was performed at the eBeam facility of
NCEBR at Texas A&M University. A 10-MeV, 15-kW linear
March 2022 | Volume 13 | Article 840077
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accelerator delivered the eBeam dose. An initial dose-response
(D-10) study was performed to determine the minimum eBeam
dose to achieve a 1-log or 90% reduction in virus titer.
Determining the D-10 value is critical when attempting to
inactivate large microbial titer preparations. Ensuring that
uniform eBeam doses are applied in D-10 studies, three
replicates of 5ml of virus were triple-packaged in Whirl-pac
bags and sealed for each dose point. An extensive set of
preliminary studies was performed to ensure that the bags
containing viral cultures could be irradiated effectively with
dose-uniformity ratio (DUR) as close to 1.0 as possible. The
DUR is the most important criterion in irradiation experiments
to ensure dose uniformity within samples. Alanine dosimeters
were placed at strategic positions on the sample bags to verify the
delivered dose. Dosimetry was performed using validated alanine
standards that were traceable to international standards (1, 5).
The target doses for virus inactivation in the D-10 study were 0
kGy (non-irradiated control), 2.0 kGy, 5.0 kGy, 10.0 kGy, and
15.0 kGy. The measured doses (as determined by alanine
dosimetry standards) were 1.99 kGy, 5.1 kGy, 10.15 kGy, and
15.0 kGy. After irradiation, the virus titers were quantified by
TCID50 assay. All treatments were repeated at least 3 times.
Based on the D-10 value, the minimum eBeam dose required to
achieve complete inactivation in 200 mL of high titer rotavirus
preparation for immunization studies was determined. All
irradiated virus was subject to titration by TCID50 to confirm
complete inactivation.

Chemical and Thermal Inactivation of HRV
Chemical inactivation consisted of incubation of the rotavirus-
containing cell culture supernatants at 25°C for 30 minutes with
a final concentration of 2% (v/v) formaldehyde followed by 37°C
for 30 minutes (26). For thermal inactivation, rotavirus
preparations were diluted 1:10 in HBSS prior to incubation at
60°C for 2 hours. After each procedure, the viruses were dialyzed
against three changes of PBS for 4 hours at 4°C. The
concentrations of both inactivated virus samples were
normalized by UV absorbance at 280nm and stored at -80°C.

Production of Chicken Anti-
VP8 Antibodies
Five, 18-week -old, single comb, White Leghorn hens housed at
the Texas A&M Poultry Science Center, College Station, TX were
used to produce HRV viral protein 8 (VP8)-specific antibodies
for ELISAs. Immunizations consisted of 50 µg of recombinant
VP8 (Bon-Opus) suspended in 0.3 ml PBS, pH 7.4, mixed with
Montanide ISA 71 R VG adjuvant (Seppic) in a 3:7 ratio. All
immunizations were administered subcutaneously (s.c.) in the
wing-web. Birds were boosted every 2 weeks and VP8-specific
antibody titers were monitored by ELISA. Once birds were
hyperimmunized as determined by indirect ELISA, 5ml of
blood was drawn from each bird, pooled and centrifuged
(3,000 x g) to collect the serum. The antibodies were
precipitated from the pooled serum using 20% (w/v) powdered
ammonium sulfate (27). The pellet containing the enriched
antibody was dissolved in PBS, pH 7.4 and quantified by
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absorbance at 280 nm. Half of the antibody was biotinylated
using the EZ Link Sulfo-NHS-Biotin kit (ThermoFisher) before
storage at -20°C.

Characterization of Chicken Anti-
VP8 Antibody
The affinity of the anti-VP8 antibody was determined by indirect
ELISA and Western blot. For the ELISA, a flat-bottom ELISA
plate (Corning) was coated overnight with 5µg/ml purified HRV
VP8. The plate was blocked with 2% BSA in PBS. The anti-VP8
antibody was added to the plate (1:1,000) and incubated for 1 hour
at 37°C. After rinsing the plate with PBST, HRP-conjugated goat
anti-chicken IgY (1:3,000) was added and incubated for 1 hour at
room temperature (Jackson ImmunoResearch). TMB substrate
(SeraCare) was used as the enzyme substrate and the plate was
read at 450nm. For the Western blot, 5µg of purified recombinant
VP8 protein was separated by SDS-PAGE using a 12% Tris-
Glycine gel (Invitrogen) and transferred to a PVDF membrane
using the TransBlot Turbo Transfer System (BioRad). The
membrane was blocked in 2% BSA overnight at 4°C. The
purified, biotinylated chicken anti-VP8 antibody served as the
primary antibody to confirm immunoreactivity with recombinant
VP8 protein. The membrane was incubated with anti-VP8 for
1 hour at room temperature (1:3,000) followed by incubation with
streptavidin-conjugated HRP (1:10,000). The membrane was
developed with a chemiluminescent substrate solution (Agilent)
and imaged on a ChemiDoc (BioRad).

Virus Antigenicity ELISA
The antigenicity of HRV before and after eBeam inactivation was
assessed by a sandwich enzyme-linked immunosorbent assay.
Briefly, a flat-bottom ELISA plate (Corning) was coated
overnight with 5µg/ml purified chicken anti-HRV VP8 as the
capture antibody. The use of an antibody raised against one of the
outer capsid proteins allowed for the comparison of antibody
recognition of an important neutralizing protein. The ability of the
purified chicken anti-VP8 antibody to bind to a virus after
inactivation indicated that its antigenic integrity was maintained.
The plate was blocked with 5% gelatin in PBS. A single batch of
four HRV stocks, including live virus, electron beam-inactivated
virus, chemically inactivated virus, and thermally inactivated virus,
was serially diluted 2-fold starting with a 400µg/ml concentration.
The diluted virus preparations were added to the plate and
incubated for 1 hour at 37°C. Biotinylated chicken anti-HRV
VP8 was added as the detection antibody (1:1,000) and incubated
for 1 hour at 37°C. HRP-conjugated neutravidin was added as the
enzyme (1:20,000) (ThermoFisher) and TMB substrate (SeraCare)
was used to develop the color. Sulfuric acid (50 µl of a 2 M
solution) was added to stop the enzymatic reaction and the plate
was read at 450nm in a BioTek microplate reader (Synergy H1).

Purification of Virus
The eBeam inactivated HRV was purified by ultracentrifugation
using a cesium chloride gradient as described previously (23).
After the final spin, the top fraction containing triple-layered
virus particles was isolated and dialyzed against sterile PBS, pH
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7.4 overnight. The concentration of purified virus particles was
normalized by UV absorbance at 280nm and stored at -80°C.

Immunization of Hens and Production of
Egg Yolk Antibodies
Five, 18-week-old, single comb, White Leghorn hens housed at
the Texas A&M Poultry Science Center, College Station, TX were
used to produce HRV-specific antibodies. Immunizations
consisted of 50 µg of HRV suspended in 0.3 ml PBS, pH 7.4,
mixed with Montanide ISA adjuvant (Seppic) in a 3:7 ratio. All
immunizations were administered subcutaneously (s.c.) in the
wing-web. Birds were boosted every 2 weeks and blood samples
were collected after each boost to quantify HRV-specific
antibody levels by ELISA. Four immunizations were
administered before the birds were hyperimmunized as
determined by indirect ELISA. Eggs were then collected daily
for 1 week, and frozen at -20°C until needed. Pre-immune eggs
were also collected from each hen before receiving
any immunizations.

Purification of IgY From Egg Yolks
Frozen eggs were thawed in room-temperature DI water and
yolks were separated from the egg white. To remove the lipids,
yolks were pooled and emulsified in DI water before adjusting
the pH to 7.0 and freezing again at -20°C. The yolk solution was
thawed again the next day and total IgY was precipitated using
20% (w/v) powdered ammonium sulfate (27). The pellet
containing highly enriched IgY was dissolved in PBS, pH 7.4,
dialyzed against additional PBS, quantified by absorbance at 280
nm and stored at -20°C.

Detection of Anti-HRV Antibodies in Serum
and Egg Yolk
The presence of anti-HRV IgY antibodies in serum and egg yolk
from hyperimmunized hens was monitored and assayed by a
modified indirect ELISA as described previously (28). Briefly, 10
µg/ml of purified HRV was coated on microtiter plates (Corning)
overnight and allowed to react with serum and yolk samples
diluted 1:1000. In the titration ELISA, the serum and yolk samples
were serially diluted three- or five-fold. Antibodies were diluted in
PBS, pH 7.4 containing 2% (w/v) BSA. Upon rinsing 3X with
200µl PBST, specifically bound anti-HRV IgY was probed by
horseradish peroxidase-conjugated goat anti-chicken IgY (Jackson
Immunolabs) at 1:3,000 dilution, followed by detection with
Tetramethylbenzidine High Kinetics substrate (BioVision). A
positive ELISA value was identified as >2X mean OD450 value
of pre-immune IgY (at 1:1,000).

In Vitro Virus Neutralization Assay
The virus neutralization titer of anti-HRV IgY was determined
using MA104 cell monolayers by methods described previously
(23, 29). The crude serum and egg yolk preparations contained
20 and 5mg/ml of antibody, respectively. The serum and yolk
samples were normalized to a concentration of 5mg/ml before
diluting 25 microliters of both antibody preparations in 25
microliters of media to create a 2-fold serial dilution for the
Frontiers in Immunology | www.frontiersin.org 476
assay. Two hundred TCID50 units of HRV were incubated with
the 2-fold serial dilution of IgY at 37°C for 1 hour. The antibody-
virus suspension was layered onto confluent MA104 cell
monolayers grown in 96-well microplates (Nunc, USA). After
7 days of incubation at 37°C in a humidified 5% CO2

atmosphere, the plates were examined for the presence of CPE.
The complete absence of CPE was scored as positive for
neutralization. Antibody samples were run in triplicate and the
reciprocal of the mean highest dilution of IgY was reported as the
neutralization titer.
RESULTS

Complete Inactivation of HRV Was
Achieved at 15 kGy
The titer of the propagated HRV stock was quantified by TCID50
and reported as 6.5 log TCID50. This titer was maintained for all
inactivation and immunization experiments. The propagated
virus was purified by ultracentrifugation with a cesium
chloride gradient. Purification of HRV yielded two distinct
bands in the density gradient corresponding to double and
triple layered virus particles. The double and triple layered
particles settled at a density of 1.37 g/cm3 and 1.34 g/
cm3, respectively.

While viruses are more resistant than bacteria to ionizing
radiation (because of the smaller genome size), they are,
nevertheless, still susceptible to eBeam doses. The dose (±
standard error [SE]) required to achieve a 1-log or 90%
reduction (D-10 value) in HRV titer was calculated at 2.38 (±
0.017) kGy, while total inactivation of the virus was achieved at
15 kGy (Figure 1). The absence of CPE observed after irradiation
at 15 kGy indicated no viral replication had occurred and the
virus was deemed non-infectious. This eBeam dose was used in
all subsequent experiments for complete inactivation of
HRV stocks.

Anti-VP8 Chicken Antiserum
Detects Recombinant VP8 in ELISA
and Immunoblot
The ability of the purified chicken anti-VP8 antibody to bind to
recombinant and native VP8 was demonstrated with two assays.
The signal of the hyperimmune antiserum was 11 times that of
the pre-immune serum indicating that the birds were
hyperimmunized and the serum antibodies were specific for
the recombinant viral protein (Figure 2). In addition,
immunoblotting analysis of the recombinant VP8 protein
using chicken anti-VP8 produced a single band at the expected
apparent molecular weight of 28 kDa (Figure 3).

Electron Beam Inactivation Was Effective
at Preserving Antigenicity of HRV
A sandwich ELISA using anti-HRV VP8 antibodies was
performed to compare the antigenicity of the virus before and
after the three different inactivation methods (Figure 4). A linear
relationship was observed between virus concentration and
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measured OD450. The live (non-inactivated) control consistently
reported the highest OD450 followed by eBeam inactivated,
chemically, and thermally inactivated virus preparations. After
eBeam inactivation at 15 kGy, the virus was detected at ~75-90%
that of non-irradiated live virus control. The chemical and thermal
inactivated viruses were detected at ~50-60 and 25-40% that of the
live virus, respectively. A signal to noise ratio (SNR) greater than 2
was reported for only the live and eBeam inactivated viruses at 25
µg/ml. When compared to traditional chemical and thermal
inactivation methods, eBeam inactivation exhibited improved
conservation of antigenicity and chemical and thermal methods
Frontiers in Immunology | www.frontiersin.org 577
of inactivation were more detrimental to the virus ’
antigenic integrity.

Chickens Reached Maximal Anti-HRV
Titers After Three Injections
Following immunization, the hens’ HRV specific antibody level
was monitored by indirect ELISA. Anti-HRV IgY titers peaked
after the third immunization and were maintained thereafter
(Figure 5). As expected, the response was highly variable
between biological replicates. (ELISA S/N values: 4.34, 2.15,
2.55, 3.24, and 1.46). Once the HRV-specific antibody titer
FIGURE 2 | Anti-VP8 chicken antiserum detects recombinant VP8 in an ELISA. Indirect ELISA comparing the affinity of pooled pre- and hyper-immune serum antibodies
for the recombinant VP8 antigen. Birds received three immunizations consisting of 50µg purified VP8 with Montanide as an adjuvant. An ELISA plate was coated
overnight with 5µg/ml purified HRV VP8 and blocked with 2% BSA in PBS. The pre- and hyper-immune anti-VP8 serum antibodies served as the primary antibody
(1:1,000). HRP-conjugated goat anti-chicken IgY was added as the secondary antibody (1:3,000). The hyperimmune serum was specific for the viral protein.
FIGURE 1 | Complete Inactivation of HRV was achieved at 15 kGy. Dose response curve illustrating the effects of electron beam irradiation on HRV stocks. The
target doses were set at 0, 2, 5, 10, and 15 kGy and the measured doses were 1.99 kGy, 5.1 kGy, 10.15 kGy, and 15.0 kGy. A TCID50 assay was used to quantify
the reduction in viral titer. The D10 value, or dose required to achieve a 1-log reduction in viral titer was calculated as 2.38 (± 0.017) kGy. Complete inactivation was
achieved at 15kGy.
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plateaued, birds were considered hyperimmunized. The
maximum titer, defined as the reciprocal of the highest
dilution producing a statistically significant indirect ELISA
signal was 125,000 (Figures 6, 7).

Serum- and Egg Yolk-Derived IgY
Demonstrate In Vitro Virus
Neutralization Activity
Virus neutralization was defined as the complete absence of CPE.
Neutralization titers were reported as the reciprocal of the highest
antibody dilution capable of preventing infection or CPE
development. Serum neutralization titers were approx. 2-fold
higher than corresponding egg yolk titers, ranging from 863-
1706 in the serum and 341-768 in the egg yolk (Table 1). Pre-
immune serum and egg yolk IgY were negative for neutralization.
DISCUSSION

This study outlines the use of eBeam inactivation to produce
high-titer neutralizing HRV-specific egg yolk antibodies and
analyzes their potential to prevent infection in vitro. Hens were
immunized with eBeam inactivated HRV particles from the most
common human strain, the Wa (G1P[8]) strain. To inactivate
the rotavirus, electrons generated from HEEB equipment were
utilized to create extensive breaks in the RNA genome. In the D-
10 study, the HRV titer decreased as the dose of electron beam
radiation increased, demonstrating an inverse but linear
relationship. The dose required to inactivate 1-log of virus was
reported as 2.38 + (0.017) which was, as expected, significantly
higher than the reported D-10 values for bacterial pathogens.
FIGURE 4 | Electron beam inactivation was superior in preserving antigenicity of HRV. Sandwich ELISA titration of inactivated HRV stocks to determine antigenicity.
An ELISA plate was coated with purified chicken anti-HRV VP8 as the capture antibody and blocked with 5% gelatin in PBS. Four different HRV stocks including live
virus, electron beam-inactivated virus, chemically inactivated virus, and thermally inactivated virus, were serially diluted starting with a 400µg/ml concentration.
Biotinylated chicken anti-HRV VP8 served as the detection antibody (1:1,000) and HRP-conjugated neutravidin was used to detect (1:20,000). The eBeam
inactivated virus was detected at ~75-90% that of non-irradiated live virus control. The chemical and thermal inactivated viruses were detected at ~50-60 and
25-40% that of the live virus, respectively. Compared to the live virus, antigenicity was best maintained after eBeam inactivation.
FIGURE 3 | Anti-VP8 chicken antiserum detects recombinant VP8 in a Western
blot. Lanes 1-4 were loaded with 5µg of purified recombinant VP8, separated by
SDS-PAGE and transferred to a PVDF membrane. The membrane was blocked
in 2% BSA. Purified, biotinylated chicken anti-VP8 antibody served as the
primary antibody (1:3,000) and streptavidin conjugated HRP was used to detect
(1:10,000). Lanes 1-4 were loaded with 5µg of purified recombinant VP8. The
purified, biotinylated chicken anti-VP8 antibody recognized the 28 kDa protein at
a dilution of 1:3,000.
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This is generally attributed to the smaller viral genome sizes
compared to bacteria (2). After exposure to 15 kGy eBeam dose,
high titers of HRV exhibited no replication suggesting the efficacy
of the technology. Not only was the virus effectively inactivated but
Frontiers in Immunology | www.frontiersin.org 779
it was done so in a fraction of the time that traditional chemical
and thermal inactivation methods require. Some chemical
processes can take days or even weeks to fully inactivate.
Additionally, the viral antigenicity obtained by dose-optimized
electron beam inactivation (~80%) markedly exceeded
antigenicity after traditional chemical (~60%) and thermal
(~40%) treatments. Nucleic acids are the primary target of
ionizing radiation based on the larger G-values compared to
proteins or lipids (2). The G-value is defined as the amount of
radiolytic species produced per 100 eV of absorbed energy. The
eBeam-inactivated rotavirus was recognized at levels closest to that
of the non-inactivated, live virus control (Figure 4) and, when
used for antibody generation, produced impressive HRV-specific
antibody titers (Figures 6, 7). These data suggest that eBeam
inactivation preserves the key epitopes found on the surface of
viral proteins and, therefore, retains optimal immunoreactivity (2).
The efficacy of eBeam as an inactivation technology for
pharmaceutical development observed in this study is in line
with previous reports on influenza A, PRRSV, and the gram-
negative bacteria R. pneumotropicus confirming the notion that
eBeam inactivation of pathogens is less damaging (2, 3, 5).

Not only did the eBeam-inactivated virus maintain
antigenicity and generate a high titer of antigen specific
antibodies, but these antibodies also demonstrated effective and
efficient virus neutralization activity in vitro. In vitro studies are
key to determining drug efficacy in a controlled environment
before introduction to a live animal host. These studies allow
multiple drugs to be tested at one time and only those that are
most effective proceed to in vivo studies (30). The serum
neutralization titers we observed in this study were approx. 2-
fold higher than corresponding egg yolk titers, ranging from 863-
1706 in the serum and 341-768 in the egg yolk, which may be
FIGURE 5 | Chickens reached maximal anti-HRV titers after three immunizations. ELISA quantification of chicken anti-HRV specific serum antibody level in response
to immunization. An ELISA plate was coated with 10µg/ml of purified HRV and blocked with 2% BSA in PBS. Pre- and hyper-immune serum antibodies served as
the primary antibody (1:1000). HRP-conjugated goat anti-chicken IgY served as the secondary antibody (1:3,000). Titers peaked after the third immunization and
birds were considered to be hyperimmunized.
FIGURE 6 | Three-fold serial titration of anti-HRV titers after three
immunizations. Titration of hyperimmune anti-HRV serum using a 3-fold serial
dilution. An ELISA plate was coated with 10µg/ml of purified HRV and
blocked with 2% BSA in PBS. Serum and yolk antibodies were serially diluted
three-fold in PBS containing 2% BSA. HRP-conjugated goat anti-chicken IgY
served as the secondary antibody (1:3,000). At 1/91,000 [log (4.95)] the
signal from bird #2 was still comparable to the undiluted serum.
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explained by the fact that egg yolk IgY needs to be delipidated,
precipitated and dialyzed before it is suitable for addition to
eukaryotic cell cultures. Egg yolk IgY is commonly purified by
ammonium sulfate precipitation, yielding high levels of antibody
at greater than 60-70% purity due to the lack of available affinity
purification methods for IgY (27, 31). Although the
neutralization titer of the hyperimmune egg yolk antibodies in
the present study was lower than that of serum, all neutralization
titers were comparable to those reported in the literature (14, 16,
18–21). Egg yolk antibodies represent the most prolific and cost-
effective polyclonal antibody platform. Chickens are arguably the
most inexpensive animal to house and feed. Depending on the
age and breed of chicken and antigen used, up to 80mg of total
IgY can be precipitated from one egg. Leghorns can produce over
300 eggs in a year (14, 17, 32). In this study, approximately 60 mg
of total IgY was harvested from each egg providing 0.6-6 mg of
HRV-specific antibody. It has been reported that 1-10% of egg
yolk antibody preparations are antigen specific (16). When
combined with eBeam inactivation of viruses, egg yolk
antibodies provide a unique tool for passive immunization and
an alternative prophylactic strategy to combat rotavirus
infections. These data have important implications for the use
of electron beam irradiation as an effective method of pathogen
inactivation in pharmaceutical development.
Frontiers in Immunology | www.frontiersin.org 880
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FIGURE 7 | Five-fold serial titration of anti-HRV titers after three immunizations. Titration of hyperimmune anti-HRV serum using a 5-fold serial dilution. An ELISA
plate was coated with 10µg/ml of purified HRV and blocked with 2% BSA in PBS. Serum and yolk antibodies were serially diluted five-fold in PBS containing 2%
BSA. HRP-conjugated goat anti-chicken IgY served as the secondary antibody (1:3,000). A dilution of 125,000 (log [5.09]) was identified as the detection limit.
TABLE 1 | In Vitro Virus Neutralization Titers.

Bird # Serum Egg Yolk

1 1706 341
2 1365 512
3 863 424
4 1365 768
5 1024 424
Virus neutralization titers, defined as the reciprocal of the highest antibody dilution capable
of preventing in vitro infection or CPE development.
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Nuclear Sciences and Applications, International Atomic Energy Agency (IAEA), Vienna, Austria

The Animal Production and Health section (APH) of the Joint FAO/IAEA Centre of Nuclear
Techniques in Food and Agriculture at the International Atomic Energy Agency has over
the last 58 years provided technical and scientific support to more than 100 countries
through co-ordinated research activities and technical co-operation projects in peaceful
uses of nuclear technologies. A key component of this support has been the development
of irradiated vaccines targeting diseases that are endemic to participating countries. APH
laboratories has over the last decade developed new techniques and has put in place a
framework that allows researchers from participating member states to develop relevant
vaccines targeting local diseases while using irradiation as a tool for improving
livestock resources.

Keywords: irradiated vaccines, FAO/IAEA, coordinated research projects (CRP), member states (MS), livestock
INTRODUCTION

Vaccines are a mainstay in supporting livestock health both in intensive industrial based animal
systems and in the pastoralist livestock industry where they play a crucial role in supporting
vulnerable communities. The development of livestock vaccines fits well within the framework of
the Sustainable Development Goals specifically SD Goal 2 that aims to end hunger, achieve food
security, improve nutrition, and promote sustainable agriculture (1). There are 117 OIE-listed
diseases and many of these could be better addressed by a vaccine for control or require an
improvement in the current vaccine setup (2, 3). In 2011, FAO declared the eradication of
rinderpest globally which was achieved with the use of an attenuated live vaccine, thus
emphasizing the importance of livestock vaccines in agriculture (4). The animal health and
production laboratory (APHL), a section of the Joint FAO/IAEA center based at Seibersdorf, was
involved in sero-monitoring of the Rinderpest vaccination programme and supported the
development and validation of diagnostic tests that correlated antibody status with animal or
herd level protection (5). This participation led to increasing the activities of the laboratory in
different aspects of veterinary vaccine production with the use of irradiation as a tool for researching
new vaccine formulations and in serological surveillance for disease eradication programs.
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Irradiation has previously been used as a technique to address
some of the gaps that exist in developing livestock vaccines but
was later abandoned for newer techniques such as recombinant
and gene-based vaccines (6). There has only ever been one
irradiated livestock vaccine in common use for the cattle lung
nematode Dictyocaulus viviparous that utilises irradiated L3
stage larvae for vaccination (7–9). Other diseases were not
pursued further due to the lack of adequate immunological tools
that could assess the effect of using irradiated vaccines. With more
recent advances in livestock immunology, there has been a chance
to re-examine irradiation for vaccine development with a novel
approach targeting replication deficiency while maintaining some
metabolic activities and reducing conformational alterations of
antigens by employing new radio-protectant compounds such as
manganese ions (Mn2+) and Trehalose (10, 11). Additional
functions for irradiated material have also been explored e.g., as
adjuvants (12). A comprehensive summary of the characteristics of
irradiated vaccines is found on Figure 1.
BACKGROUND ON
IRRADIATED VACCINES

Although live attenuated vaccines have been successfully used in
preventing diseases, they can trigger side effects in recipients, and
in the case of viruses, revert back to infectivity (17, 18).
Chemically inactivated and recombinant vaccines are however
considered safe but unfortunately are often unable to elicit an
effective immune response that is protective in all vaccinated
individuals e.g. chemically inactivated vaccines against seasonal
flu have an efficacy of only 30- 40% among the elderly (19).
Irradiation therefore offers an alternative that can be as effective
as live attenuated vaccines yet equally safe as killed or
recombinant vaccines (20). The use of irradiation for vaccine
development was initiated almost a century ago as an alternative
to live attenuated and chemically inactivated Shigella spp bacteria
(21). In livestock, irradiation experiments using the isotope
Cobalt-60 (Co-60) were carried out in the late sixties to study
Trypanosome spp., the causative agent of Nagana in livestock
(22–27). Many of these experiments used higher than necessary
irradiation doses to kill their targets rather than rendering them
non-infective. Subsequent developments in immunology that
described killed but metabolically active bacteria led to the idea
that metabolic products produced by living but non-replicating
irradiated pathogens made superior antigens compared to those
produced by traditional chemical inactivation techniques (17, 18,
28, 29). Irradiation, when compared to chemical methods, is a
rapid method of inactivation that requires no post inactivation
manipulation and is suitable for industrial production (30).
Exposure to radiation randomly causes breaks in single and
double stranded nucleic acids that most cellular systems cannot
repair, thus eliminating the possibility of reversion back to a virulent
state (31). Radiation mediated genetic damage is also comparatively
more severe when compared to chemical inactivation (32, 33). The
ROS (reactive oxygen species) generated during the inactivation
process, whether chemical or irradiation, imparts additional indirect
Frontiers in Immunology | www.frontiersin.org 283
nucleic acid and protein damage (31). Chemical inactivation
however, possess the challenge of ineffective membrane
penetration by chemical agents and residues in the products that
must be eliminated by expensive and time consuming down-stream
purification steps (34). The bigger the protein damage during
inactivation, the less specific and immunogenic the vaccine
becomes due to the loss of conformational epitopes. Epitope
damage is more severe for chemically inactivated pathogens when
compared to irradiated ones due to radio-protectants employed
thus eliciting better responses as has been observed with the Gamma
flu vaccine (34, 35). The quality of antigens used for immunization
becomes especially important when targeting intracellular parasites
where humoral responses have limited efficacy. During L.
monocytogenes infections, specific neutralizing antibodies fail to
clear intracellular infection which is vital to establish infection in
the host (36). The recruitment of MHC class I mediated CD8 T cells
is necessary for pathogen elimination and can only be induced by
vaccines that mimic a natural infection (29). Vaccination with
irradiated and killed but metabolically active Listeria spp. is able
to elicit this crucial response when compared to chemically treated
Listeria (17, 37). Using a wider repertoire of conformational
epitopes that retain their secondary structures after irradiation
becomes even more crucial in diseases where the correlates of
immunity are unknown or poorly understood as neutralizing
antibodies are not always a marker for protective immunity. The
required type of immune response elicited by any radio-vaccine
ultimately depends on the pathology pathway in the host vaccinated
as it should ultimately strive to mimic the wild-type situation
without replication. In the case of bacterial infections, irradiated
Salmonella elicit T-independent immune protection through both
humoral responses (IgG2b, IgG3) and CD4+ T-cell mediated
responses (Th1, Th17) (38). Numerous other bacterial and
parasitic pathogens have been irradiated for vaccine development
and are in various stages of vaccine development. These include
pathogens such as E. coli, Brucella, Clostridium, Mycobacterium,
Plasmodium, Toxoplasma, Ancylostoma, and Schistosoma all
observed to be non-dividing but metabolically active after
irradiation treatment (16, 39–45). It is clear from these
experiments that irradiation generates metabolically active but
non-replicative pathogens mainly for bacteria and protozoans,
where they resemble a live infective pathogen more closely.

The approach for inactivating viruses using irradiation is
however considered different. Viruses, obligate intracellular
pathogens, are metabolically dependent on their host for viral
replication and reproduction (46). An inactivated virus would
essentially be unable to replicate within the host cell even after
gaining entry. Gamma inactivated influenza A (g-flu) can elicit IFN-
I dependent partial lymphocyte activation in vivo contrary to UV
and formalin treated vaccines. This is associated with the synthesis
of structural internal viral proteins such as nucleoproteins in the
cytosol of antigen presenting cells (47). The IFN-I response elicited
by g-flu can be attributed to the preservation of conformational
peptides that are presented via MHC class I which trigger a type 1
response that is absent in formulations prepared using formalin or
UV. Preparations made with formalin lose peptide moieties that
elicit a cell mediated inflammatory response but still maintain
March 2022 | Volume 13 | Article 853874
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FIGURE 1 | Characteristics of irradiated vaccines: Irradiated vaccines are produced mainly by delivering ionizing radiation through gamma ray, X-ray, or electronic
beam (e-Beam) irradiation (13). The mechanism behind inactivation of pathogens is through direct and indirect damage of genetic material (DNA/RNA) and cross
linking of proteins. Direct genome damage is by contact of photons (from gamma-rays/X-rays) or accelerated electrons (10eMV mega electron volt) through the
breakage of phosphodiester bonds (14). Indirect damage is by highly reactive short lived radiolytic species such as hydrogen peroxide (H2O2), hydroxyl radical,
hydrogen (H2) and superoxide radicals (O−

2 ), that are the product of endogenous water molecules radiolysis. O−
2 can cause protein cross linkage and upon its

reaction with nitric oxide it can generate reactive nitrogen species (RNS) that damages nucleic acids (15). In bacteria and parasites, irradiation stops replication
yielding metabolically active organisms that present structural antigens and functional proteins in a vaccine as reported through ATP production, redox potential, or
bacteriophage multiplication (16). Irradiation produces short RNA/DNA fragments which activate pathogen pattern recognition receptors (PRR)s, for example retinoic
acid-inducible gene I (RIG I) or toll like receptors (TLR’s) in the innate immune system thus acting as a vaccine adjuvant (12). Adding radio-protective compounds
such Mn2+-decapeptide complex (MDP) derived from Deinococcus radiodurans or trehalose preserves immunogenic epitopes (10, 11).
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humoral responses which are not effective at preventing disease
(19). Given that irradiation leads to major nucleic acid damage
when compared to other techniques, the risk of reversion in
pathogens with segmented genomes is low. Innocuity testing post
irradiation is however required for all formulations before further
use to confirm inactivation. In the case of Avian influenza, this is
carried out using embryonated chicken eggs which are susceptible
to infection and are routinely used for virus isolation during
surveillance of the disease (48). Other livestock viruses that have
been subjected to irradiation studies with great promise include
Bluetongue, Equine encephalitis and rabies amongst others (49–51).

Irradiation has also been used to improve inactivated vaccines
from toxin producing pathogens. The best way to currently
prevent tetanus is through vaccination using formaldehyde
inactivated tetanus toxin (52). In order to overcome the
disadvantages of exposing vaccine recipients to long term
effects of formaldehyde and associated salts, irradiation was
used to inactivate tetanus toxin (53). The toxin was inactivated
at 5 kGy but retained immunogenicity at 8 KGy which was the
upper limit of irradiation used in the experiment. In addition,
pure irradiated toxin retained more than 50% of its enzymatic
activity. Future studies will optimize the production process,
detoxification and explore its feasibility as an adjuvant (53).
Other toxin producing pathogens tested in irradiation studies
include Mycobacterium spp., Anthrax, Cholera, Coli and
paratyphoid B where irradiation does not necessarily inactivate
the toxins in contaminated meat (28, 54–56). Irradiation has also
been used in the research and production of several snake venom
vaccines including African elapid, viperid and Crotalus venoms
(57, 58). There are currently no effective treatments or vaccines
against prion diseases due to their complex biology (59, 60).
Radiation induced protein damage is considered a sterilization
method of infectious proteins like prions in aqueous solution and
the inactivation of infectious scrapie from transmissible
spongiform encephalopathy (33, 61, 62). It was noted that high
doses of up to 100 KGy were not enough to completely inactivate
prions but instead reduced their quantities by 4 – 5 logs. Diluting
the original stock of prion prepared had a stronger effect on
reducing the chances of causing disease in mice when compared
to irradiation (63). A combination of dilution and irradiation
would be considered the best approach to developing antigens
for anti-prion vaccines.
TECHNICAL SUPPORT TO MEMBER
STATES THROUGH COORDINATED
RESEARCH ACTIVITIES

Due to the requirement for basic level research in developing new
irradiation vaccine formulations, APHL has initiated several
different coordinated research programs (CRP) and technical
cooperation projects (TCP) that have run concurrently since
2009 (Supplementary Table 1). The initial research project
required participating members to establish the basic parameters
required to carry out experiments with their chosen diseases. The
participants were requested to devise a work plan that included the
Frontiers in Immunology | www.frontiersin.org 485
following points of interest for each disease in the CRP for
future experiments.

1. To establish a dose of irradiation for attenuation that is
consistent in scale i.e., using KGy as opposed to Krad, due
to inconsistencies in groups studying the same pathogen.

2. To determine indicator/s of attenuation of the pathogen to be
used for vaccination

3. To describe the representative animals used in vaccine
experiments and determine the appropriate sample size.

4. To describe the parameters for vaccination including the
amount of pathogen used and number of times and period of
duration between inoculations.

5. To describe the parameters for challenge including number of
non-irradiated pathogens used, duration of challenge after
vaccination and the difference between homologous Vs
heterologous.

6. To establish the criteria for protection i.e., full protection or
alleviation of pathology associated with the pathogen and
parameters to be measured after challenge.

7. To establish a sequence of events starting with safety at dose
of irradiation, diagnostic tools available for measuring
protection and the performance of the vaccine generated.

8. To identify the immune response important for protection
where possible.

As a result of these activities, various basic parameters were
established at the end of the first two CRP as shown in Table 1.
To support participating laboratories further with ongoing
activities, APH laboratories also developed tools that could be
used in evaluating vaccine efficacy. Quantitative PCR panels that
measure innate and adaptive immunity were developed for
ruminants, pigs and chicken (70). Quantitative PCR panels are
easy to adopt especially where collaborating partners have
limited resources to carry out other assays. Similar panels
using flow cytometry, ELISA, ELISPOT, Immunofluorescence,
microarray and RNAseq technologies are also currently under
development. A more complex assay that measures vaccine
immunogenicity in vitro using bovine monocyte derived
dendritic cells was also developed for use as a filter for
antigens before proceeding to animal experiments (71). This
would be particularly useful in cases where the number of
irradiated vaccine candidates was large with limited animal
testing facilities.
FUTURE PERSPECTIVES

The future for developing irradiated vaccines in veterinary
medicine is bright. Recent advances in delivering ionising
radiation using safer methods other than Co-60 have greatly
advanced with the development of inactivation techniques like
low energy electron beam irradiation that maintains antigenicity
for Influenza A (H3N8), Porcine reproductive and respiratory
syndrome (PRRSV), Equine herpes (EHV-1), Zika, Respiratory
syncytial virus, Rodentibacter pneumotropicus, Bacillus cereus
and E. coli (72–74). Irradiated pathogens have also been used
March 2022 | Volume 13 | Article 853874
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as adjuvants as in the case of gamma irradiated influenza A virus
co-administered with Semliki Forest virus where it displayed the
potential to enhance immune response against Semliki Forest
virus by six-fold in mouse (12). This adjuvant activity is
attributed to g-irradiated influenza A virus which behaves like
Poly I:C (synthetic dsRNA) and elicits an interferon type I (IFN-
I) humoral response through TLR3 (toll like receptor 3) signaling
plus IFN-I mediated lymphocytes activation (12, 75). Irradiated
Frontiers in Immunology | www.frontiersin.org 586
parasite vaccines have also opened new areas of immunological
study, as in the case of irradiated Salmonella gallinarum
protecting mice and chicken from infection and Haemonchus
contortus where metabolically active irradiated larvae of parasites
remain immobilised in the abomasum of vaccinated sheep
conferring long term protective response and long term
immune stimulation (38, 64). The introduction or generation
of unmethylated cytosine–guanine dinucleotide (CpGs) during
TABLE 1 | Comparison of different irradiation experiments carried out by IAEA and partners.

Species Strain Disease Administered
Deactivation
dose (KGy)

D10
(KGy)

Post irradiation
activity

In vivo
innoculation/
Challenge

Notes

Brucella abortus S19 Abortion in
pregnant cattle

3.5 NA alamarBlue®, 1x107/S2308
strain

Murine Macrophage infection assays

Brucella
melitensis

Rev1 Human and bovine
disease (zoonotic)

1 - 5 NA alamarBlue® NA cross-species irradiated vaccine?

Theileria
annulate

local strain/
Schizont
stage
vaccine

Theileriosis in
ruminants

0.15 - 0.4 NA NA NA To replace schizont stage vaccine, 0.4
KGy used for irradiating blood with
21% parasitaemia (10ml/calf)

Fasciola
hepatica

Local strain Common liver
fluke (zoonotic)

3 - 24 NA NA NA (64)

Fasciola
gigantica

local strain Tropical liver
disease (zoonotic)

0.030-0.050 NA NA metacercaria; 40/
oral dose

Haemonchus
contortus

local strain Blood feeding
nematodes for
sheep and goat

0.17 - 170 NA NA 10.000 larvae Larvae stage III; 99% protection;

Ichthyophthirius
multifiliis

local strain Protozoan ecto-
parasite in fish

1.5 5.2 Lysozyme, alkaline
phosphate, protease
and Estarases activitiy

100 trophonts/10
fish

(65)

Trypanosoma
evansi

RoTat 1.2 Mechanically
transmitted blood
protozoan parasite

0.2 0.1983 CFSE (replication),
Parasite growth

1x 104/103

homologous &
heterologous
Can86K

virulence gene mining

African Swine
fever

Estonia 124 African swine fever 30 1.81 NA 107.25HAU/
heterologous

No protection

Armenia 2008
Avian Influenza
virus

H9N2 Avian influenza 60 5.46 Hemagglutination
assay, inoculation in
embryonated eggs

128 HAU/103,104

& 106
Protection at lower doses with oral-
nasal application

Avian
pathogenic
Escherichia coli
(APEC)

APEC colibacillosis 1.2 0.89 NA NA Ongoing

Lumpy skin
disease virus
(LSDV)

Various Lumpy skin
disease

30 3.75 NA NA Ongoing

Theileria parva local strain East Coast fever 0.9 NA NA NA ongoing
Avian Influenza
virus

H9N2 LPAI 29.52 (frozen) 3.36 NA NA (66)

M. haemolytica local from
pneumonic
lungs

Pneumonic
mannheimiosis

2-20 NA NA 2×1010/3.6 x1010 (67)

Salmonella
gallinarum

Field strain Fowl typhoid 2.4 (RT) NA NA 108 (68)

White spot
syndrome virus

Local White spot
syndrom

15 2.56 NA NA (69)

Foot-and-mouth
disease virus

Local strain
IRN/1/2007

Foot-and-mouth
disease

50 4.8 NA NA (69)

P. multocida Local
(MK802880,
NVI)

Fowl cholera 1 NA NA NA (55)
Mar
*NA (Not Available).
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irradiation and the application of such vaccines address mucosal
immunity and inoculation strategies which are desirable when
dealing with intensive farming systems (76). Extensive epitope
damage due to high irradiation doses has been mitigated with the
development of radio protective compounds such as manganese
ions (Mn2+) and Trehalose which reduce structural damage of
surface epitopes (10, 11).

In summary, recent research over the past 10 years has created
a new base for the rational development of irradiated vaccines.
New irradiation devices like x-rays or e-beams which do not need
special radiation protection and are economically viable can be
installed in bio-safety laboratories (73). A broad spectrum of
molecular tests replaces traditional cell based immune assays
that require expensive equipment and expertise, and the in vitro
evaluation of immune induction replaces animal experiments
where possible (70, 71). This research can effectively be carried
out on local diseases in countries that have previously relied on
Frontiers in Immunology | www.frontiersin.org 687
results from advanced laboratories that increasingly cannot
prioritise them due to constrains on funding and human
resource capacities.
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African swine fever (ASF) is among the most devastating viral diseases of pigs and wild
boar worldwide. In recent years, the disease has spread alarmingly. Despite intensive
research activities, a commercialized vaccine is still not available, and efficacious live
attenuated vaccine candidates raise safety concerns. From a safety perspective,
inactivated preparations would be most favourable. However, both historical and more
recent trials with chemical inactivation did not show an appreciable protective effect.
Under the assumption that the integrity of viral particles could enhance presentation of
antigens, we used gamma irradiation for inactivation. To this means, gamma irradiated
ASFV “Estonia 2014” was adjuvanted with either Polygen™ or Montanide™ ISA 201 VG,
respectively. Subsequently, five weaner pigs per preparation were immunized twice with a
three-week interval. Six weeks after the first immunization, all animals were challenged
with the highly virulent ASFV strain “Armenia 2008”. Although ASFV p72-specific IgG
antibodies were detectable in all vaccinated animals prior challenge, no protection could
be observed. All animals developed an acute lethal course of ASF and had to be
euthanized at a moderate humane endpoint within six days. Indeed, the vaccinated
pigs showed even higher clinical scores and a higher inner body temperature than the
control group. However, significantly lower viral loads were detectable in spleen and liver
of immunized animals at the time point of euthanasia. This phenomenon suggests an
immune mediated disease enhancement that needs further investigation.
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INTRODUCTION

The causative agent of African swine fever (ASF) is a large
double-stranded DNA virus (1, 2) which belongs to the Asfivirus
genus of the Asfarviridae family. Over the last decade, the disease
has become a pandemic threat to domestic and wild pigs.
Overall, more than 55 countries on 5 continents are affected
(OIE WAHIS, visited online on October 30th 2021) resulting in
tremendous socio-economic losses in the pig industry (3). The
virus strains involved in this pandemic belong to p72 genotype II
and the vast majority shows high virulence, in both domestic pigs
and wild boar. However, strains of lower virulence have been
reported from Estonia (4, 5), Latvia (6, 7), and more recently
from China (8).

The greatest challenge of ASF control is the development of a
safe and effective vaccine (9). Until then, strict biosecurity, early
detection, and veterinary hygiene are the only tools to prevent
and control the disease.

In the past, many traditional approaches to develop a vaccine
against ASFV have failed. Up to now, the most promising
vaccine candidates are live attenuated (naturally or by deletion)
ASFV. These however, have several disadvantages including
long-term side effects in some candidates, safety issues related
to genetic stability, the requirement for high biocontainment
during production, and the lack of suitable cell lines that can be
scaled up without leading to changes in the viral genome. The
latter remains a key constraint for production (10).

Inactivated vaccines are most interesting from a safety point
of view. Unfortunately, they have not yet been shown to be
effective (9). Under the assumption that the integrity of viral
particles could enhance and facilitate presentation of antigens
that are crucial for protection, conservative inactivation
protocols have been discussed in the aftermath of different ASF
research projects. Among different options of inactivation,
gamma irradiation, in combination with a strong adjuvant, was
considered a promising approach (11) and thus it was the chosen
method for this study. The advantage of inactivation by gamma
irradiation is that it damages only the DNA and RNA while
preserving both surface antigens and viral structure (12).

Here, we report on a study which was carried out to evaluate
the effectiveness of a structure preserving inactivation of ASFV
with gamma irradiation and the potential use as a vaccine in
combination with two state of the art adjuvants (Polygen™

Adjuvant, MVP Laboratories and Montanide™ ISA 201
VG, SEPPIC).
MATERIAL AND METHODS

Experimental Design
The study included 15 domestic pigs (German Landrace x Large
White) of approximately 8-weeks of age, weighing 20-25 kg, and
of both sexes, divided in three equally sized groups. All animals
were bought from a commercial pig farm and were clinically
healthy upon arrival.

All animals were tested negative for ASFV and ASFV specific
antibodies prior to enrollment in the study. The animals were
Frontiers in Immunology | www.frontiersin.org 291
kept in the high containment facility of the Friedrich-Loeffler-
Institut (FLI), Isle of Riems, Germany. Over the course of the
trial, the animals were fed a commercial pig feed with corn and
hay-cob supplement and had access to water ad libitum.
Enrichment material of different matrices was offered over the
entire experimental time.

After an acclimatization phase, the domestic pigs were
vaccinated intramuscularly with 2 ml of the respective
adjuvanted preparation.

Clinical parameters of all animals were assessed daily based
on a harmonized scoring system as previously described (13).
The sum of the points was recorded as the clinical score (CS) that
was also used to define the humane endpoint which was set at 10
clinical score points (moderate humane endpoint).

Blood samples were collected at day (d) 0 prior to vaccination,
and at d7, d14, d21, d28, d35, and d42 after the first vaccination.
On day 21 after the first vaccination, the pigs received a booster
vaccination. On day 42 after the first vaccination/21 days after
the second vaccination, the animals were challenged oro-nasally
with a highly virulent ASFV genotype II isolate (ASFV “Armenia
08”). After the challenge, blood samples were collected at 4 days
post challenge (dpc) and at the day of euthanasia (6 dpc for
vaccinated groups and 7 dpc for control group). Animals that
reached the humane endpoint or that suffered unacceptably
without reaching the endpoint were euthanized through
intracardial injection of embutramide (T61, Merck, Darmstadt,
Germany) under deep anaesthesia with tiletamine/zolazepam
(Zoletil®, Virbac, Carros, France), ketamine (Ketamin 10%,
Medistar, Ascheberg, Germany) and xylazine (Xylavet® 20mg/
ml, CP-Pharma, Burgdorf, Germany) or ketamine (Ketamin
10%, Medistar, Ascheberg, Germany) and azaperone
(Stresnil™ 40mg/ml, Elanco, Bad Homburg, Germany).

Necropsy was performed on all animals to evaluate ASFV
induced lesions. Lesions were scored based on the protocol
published by Galindo-Cardiel et al. (14) with slight
modifications (15). Tissue samples (spleen, kidney, liver, tonsil,
bone marrow and lymph nodes) were taken for further analysis
and reference material acquisition.

Over the entire study period, all applicable animal welfare
regulations, including EU Directive 2010/63/EC and institutional
guidelines, were taken into consideration. The animal
experiment was approved by the competent authority
(Landesamt für Landwirtschaft, Lebensmittelsicherheit und
Fischerei (LALLF) Mecklenburg-Vorpommern, Rostock,
Germany) under reference number 7221.3-1.1-003/20.

Cells
Blood for the preparation of peripheral blood mononuclear cell
(PBMC)-derived macrophages was collected from healthy
domestic donor pigs that were kept in the quarantine stable at
the FLI. In brief, PBMCs were obtained from EDTA-
anticoagulated blood using Pancoll animal density gradient
medium (PAN Biotech, Aidenbach, Germany). PBMCs were
grown in RPMI-1640 cell culture medium with 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and
10% foetal calf serum (FCS) at 37°C in a humidified
atmosphere containing 5% CO2. The medium was supplied
April 2022 | Volume 13 | Article 832264
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with amphotericin B, streptomycin and penicillin to mitigate
bacterial and fungal growth. To facilitate maturation of
macrophages, granulocyte macrophage colony-stimulating
factor (GM-CSF) (Biomol, Hamburg, Germany) was added to
the cell culture medium at a concentration of 2 ng/ml. The cells
were used for virus cultivation and hemadsorption test (virus
isolation and titration).

Virus Material
The genotype II ASFV isolate “Estonia 2014” (5) was used for
gamma irradiation and subsequent vaccination. A virus stock
was prepared in PBMCs and the titer was determined by
hemadsorption test as previously described (16). The titer
amounted to 107.25 haemadsorbing units 50% (HAU)/ml.
Inactivation of the irradiated virus suspension was verified
employing hemadsorption tests.

For challenge infection, a spleen suspension containing
genotype II ASFV “Armenia 2008” was used with a final titer
of 106 HAU per ml. The titer was confirmed by end-point back
titration of the inoculum with hemadsorption test.

Gamma Irradiation
The virus stock of ASFV “Estonia 2014” was mixed with 25% of
trehalose before irradiation to protect the virus structure during
the process. The irradiation was performed with the Model 812
Co-60 irradiator (Foss Therapy Services, Inc., California, USA)
in a frozen condition at -80°C where the vials were placed in a
Bio bottle with dry ice. For the calculation of the dose and
estimation of the time, the GAMMA FOSS Spreadsheet and Dose
Tracker software (California, USA), which are connected to the
gamma irradiator machine, were used. The software calculates
the time of exposure needed based on the emission rate of the
Cobalt60 source.

For determination of the inactivation dose, the virus samples
were irradiated at 2, 4, 5, 6, 7, 8, 10, 20, 30, 40 and 50 kGy. For the
irradiation of the vaccine, a dose of 30 kGy was chosen based on
the internationally accepted standard sterility assurance level
(SAL) which is 6 times of the D10 value. The D10 value is the
ability of gamma irradiation to reduce an exposed microbial
population by 90 per cent (one log10) under standard conditions
of time, temperature and dose. The D10 value of ASFV “Estonia
2014” vaccine formulation was calculated using the inverse of the
slope of the regression lines (-1/slope) of gamma irradiation dose
against log virus titer using GraphPad prism 9 (17).

Transmission Electron Microscopy
At 30 kGy irradiated cell culture supernatant containing ASFV
supplemented with 25% trehalose was prepared for electron
microscopy by negative staining technique as described by
Rubbenstroth et al. (18) and analysed in a JEM 1011
transmission electron microscope (JEOL, Freising, Germany) at
80 kv and 200,000-fold magnification.

Adjuvants
Polygen™ (MVP Laboratories, Inc. Omaha, USA) is a low
molecular weight copolymer adjuvant that has demonstrated to
stimulate significant interferon gamma and interleukin 12
Frontiers in Immunology | www.frontiersin.org 392
responses when used in a parasite vaccine for cattle (19).
Moreover, it has recently been used successfully with an
inactivated large DNA virus, i.e. Capripox virus (20).

Montanide™ ISA 201 VG (Seppic, La Garenne-Colombes,
France) is a Water-in-Oil-in-Water (W/O/W) formulation, that
is a continuous aqueous phase emulsion in which droplets of oil
contain a secondary aqueous phase (double emulsion). Due to
their structure, they can induce a short and long-term protective
immune response. Field trials have shown that such adjuvant can
stimulate both humoral and cell mediated immune
responses (21).

Preparation of the Vaccine
30 kGy Irradiated ASFV With Polygen™ Adjuvant
For the preparation of the vaccine, the irradiated virus
suspension was combined with 20% of Polygen™ adjuvant.
For this, the Polygen™ adjuvant was gently mixed for 2 h
before the antigen was added to the suspension. During
addition of the antigen, the suspension was gently mixed with
a magnetic stirrer and stirring was continued for 2 h after
complete addition of the antigen. Syringes were filled with 2
ml of the prepared vaccine and stored on ice until further use.

30 kGy Irradiated ASFV With Montanide™

ISA 201 VG
To prepare the vaccine, both phases, the virus suspension and the
Montanide™ ISA 201 VG adjuvant, needed to be combined with
a 50/50 w/w ratio. The adjuvant was sterilised by 0.2 µm
filtration. Both phases were warmed to 32°C. The virus
suspension was then slowly added to the adjuvant under
magnetic agitation at 32°C. After the addition of the entire
volume, the agitation was continued for 5 min at 32°C. After
that, the emulsion was cooled down for 1 h to 20°C. Syringes
were filled with 2 ml of the prepared vaccine and stored on ice
until further use.

Processing of Samples
Serum samples were aliquoted after centrifugation at 2.500 x g
for 20 min at 20°C and together with aliquoted EDTA samples
stored at -80°C until further use.

Tissue samples, which were collected during necropsy, were
stored at -80°C. For further processing, tissue samples (a lentil-
sized piece) were homogenized in 1 ml phosphate-buffered saline
(PBS) with a metal bead using a TissueLyser II (Qiagen®GmbH,
Hilden, Germany) at 30 Hz for 3 min before extraction and
qPCRs were performed.

Virus Detection
For qPCR, viral nucleic acids were extracted from 100 µl tissue
homogenate using the NucleoMag Vet Kit (Machery-Nagel,
Düren, Germany) and the KingFisher® extraction platform
(Thermo Scientific, Schwerte, Germany) according to the
manufacturer’s recommendations. qPCRs were performed
according to the protocol published by King et al. (22) with
slight modifications (addition of a heterologous control DNA).
All PCR runs were performed using a C1000™ thermal cycler
(BIO-RAD, Hercules, California), with the corresponding
April 2022 | Volume 13 | Article 832264
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CFX96™ Real-Time System. Results of all qPCR runs were
recorded as quantification cycle (cq) values. A cut off >42 was
defined for negative results. Using a dilution series of an ASFV
DNA standard, genome copy (gc) numbers were estimated.

To verify the integrity of the p72 antigen in the irradiated
virus suspension, the Ingezim ® ASFV CROM Ag (Eurofins
Technologies Ingenasa) lateral flow assay, which is a double
antibody sandwich immunochromatographic assay for the
detection of ASFV antigen in blood samples (23) was used.
The test procedure was conducted according to the
manufacturer’s instructions.

Antibody Detection
Sera were tested for the presence of ASFV p72-specific antibodies
with the commercially available competitive INGEZIM PPA
COMPAC ELISA (Ingenasa, Spain). Additionally, serum
samples were tested with an indirect immunoperoxidase test
(IIPT) according to standard protocols provided by the
European Union Reference Laboratory for ASF (EURL
protocol: https://asf-referencelab.info/asf/images/ficherosasf/
PROTOCOLOS-EN/2021_UPDATE/SOP-ASF-IPT-1_2021.pdf
(accessed on 7 January 2021)) with slight modifications.

Data Analysis
All data were recorded and evaluated using Microsoft Excel 2010
(Microsoft Deutschland GmbH, Munich Germany).

GraphPad Prism 9 (Graphpad Software Inc., San Diego, CA,
USA) was used for statistical analysis and graphs. Statistically
significant differences were investigated by multiple t-tests with
Holm-Sidak’s correction for multiple comparisons and with
ordinary one-way ANOVA for viral genome detection in blood
and organ samples between the groups. Statistical significance
was defined as p < 0.05 and indicated with an asterisk (*).
Frontiers in Immunology | www.frontiersin.org 493
RESULTS

Determination of the Inactivation Dose
With Irradiation and Integrity of ASFV
In order to determine the exact dose of inactivation, the virus-
trehalose suspension was irradiated with different irradiation
doses. To quantify the titer reduction and/or to confirm complete
inactivation, end-point titrations were performed in
quadruplicate (Figure S1A) using the hemadsorption test as
readout. After an irradiation with 8 kGy, no hemadsorption
could be detected. The samples still tested positive by antigen
lateral flow device (data not shown) showing an integrity of the
p72 antigen.

To account for a substantial safety margin, an irradiation dose
of 30 kGy was used in downstream experiments according to the
internationally accepted standard sterility assurance level (SAL)
which is 6 times of the D10 value. The D10 was found to be 1.81
kGy (Figure S1B).

The structural integrity of the 30 kGy irradiated and
inactivated ASFV particles was confirmed with transmission
electron microscope as shown in Figure 1.

Clinical Findings
Vaccination with irradiated ASFV supplemented with Polygen™

or Montanide™ ISA 201 VG was not associated to adverse
reactions except for local erythema between one and two cm in
diameter in two out offive animals at the intramuscular injection
site after the second vaccination which resolved after three to
four days. This lesion was more pronounced in the group that
received the vaccine with Montanide™ ISA 201 VG.

To test whether the vaccines were protective, vaccinated pigs
and unvaccinated control animals were challenged oro-nasally
with 106 HAU per ml ASFV strain “Armenia 2008”. All animals,
whether vaccinated or not, developed severe, unspecific clinical
FIGURE 1 | Electron micrograph of a 30 kGy irradiated African swine fever virus shows the integrity of the particle. Negative staining with 1% phosphotungstic acid.
Scale bar 100 nm.
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signs starting on day 4 post challenge (dpc). Clinical signs
included fever, general depression, lack of appetite, curved
back, ataxia, increased lying and respiratory distress. Pigs of all
groups developed inner body temperatures higher than 40.0°C
from day 4 pc (Figure 2). Clinical signs worsened more rapidly
in the vaccinated animals compared to the control group. The
vaccinated groups reached the humane endpoint of 10 score
points at 6 dpc while the control group was sacrificed one day
later on 7 dpc. The clinical score for each group is shown in
Figure 3. There was no marked difference between the
vaccinated groups and the control group in the final clinical
score points at day of euthanasia (humane endpoint).

Virus and Viral Genome Detection
Prior to inoculation, all animals were tested negative for ASFV.
After vaccination, no ASFV genome could be detected in blood
(data not shown). At 4 dpc, ASFV genome was detectable in
blood samples (Figure 4) of all groups. In contrast, in one animal
(#351) which received Montanide™ ISA 201 VG as adjuvant no
viral genome was detectable in blood and only very low genome
copies were present in some tissue samples (bone marrow, liver,
spleen, lung and Ln. renalis). The vaccinated groups were
euthanized on 6 dpc and the control group on 7 dpc. Organ
samples obtained from all vaccinated and control animals tested
positive in qPCR at day of euthanasia (Figures 5A–I). In the
vaccinated groups there was significant less genome detectible in
the spleen compared to the control group (*** p-Values: < 0.001)
at the humane endpoint. The vaccinated group with
Montanide™ ISA 201 VG as adjuvant shows significantly less
genome copy numbers in the bone marrow compared to the
control group (* p-Values: < 0.1) and the vaccinated group which
received Polygen™ as adjuvant showed significant less genome
copy numbers in the liver compared to the control group (* p-
Values: < 0.1). No correlation was found between viremia and
clinical score (data not shown).

Pathomorphological Findings
All animals were subjected to full necropsy. Results of
macroscopic scoring are shown in Figure 6.
Frontiers in Immunology | www.frontiersin.org 594
Pigs infected with the highly virulent ASFV strain “Armenia
2008” displayed initial ASF lesions (pulmonary edema and
enlarged and hemorrhages lymph nodes) typical for a
moderate humane endpoint (sum of 10 score points) decision.
Incipient hemorrhages and slight to moderate enlargement were
continuously observed for the renal and mandibular lymph
nodes, and to a lesser extent for the retropharyngeal,
tracheobronchial and iliac lymph nodes. Four out of five pigs
suffered from mild to severe pulmonary alveolar edema.

Comparable lesions were present in the animal group
vaccinated with irradiated ASFV supplemented with
Montanide™ ISA 201 VG followed by a challenge infection
with ASFV “Armenia 2008”. Pulmonary edema, but also
pulmonary consolidation of varying severity occurred in all
animals, while lymph node lesions were less pronounced when
compared to control animals. One pig (#312) developed severe
pancreatic necrosis and hemorrhage. Although no viremia was
detected in animal #351, pathologic findings did not differ from
those of other animals in this group.

Likewise, in the animals that received the vaccine
supplemented with Polygen™ and challenged with ASFV
strain “Armenia 2008”, pathologic changes were indicative for
an ASF infection and included mainly mild to severe lymph node
hemorrhages, pulmonary edema and consolidation in all affected
pigs. No correlation was found between viremia and pathological
findings (data not shown).

Antibody Detection
No antibodies were found in the sera prior to inoculation in any
of the samples tested via ELISA or in the indirect
immunoperoxidase test (IIPT). Fourteen days after the first
vaccination, antibodies were detected with ELISA in two
animals that received the Montanide™ ISA 201 VG
adjuvanted vaccine. After the booster vaccination, all animals
of this group seroconverted (Figure 7A). In the group with
Polygen™ as adjuvant the first animals (3/5) with detectible
antibodies in the ELISA were found on day 28 post vaccination.
On day 46 post vaccination (4 dpc) all animals showed
seroconversion (Figure 7B). With the IIPT (data not shown),
FIGURE 2 | Inner body temperatures depicted as group mean values after challenge (bars indicate standard deviation). Black crosses indicate the day at which the
animals reached the moderate humane endpoint. dpc, days post challenge.
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the first antibody positive animals from the Montanide™ ISA
201 VG group could be detected on 7 days post vaccination (dpv)
(3/5, 1 questionable). From 14 dpv all animals were positive. In
the Polygen™ group only one animal showed a positive immune
response on 7 dpv, and on 14 dpv three animals were positive
and two questionable. From 21 dpv all animals from the
Polygen™ group were antibody positive. No correlation was
found between viremia and antibody detection or between
clinical score and antibody detection (data not shown).
DISCUSSION

The current ASF pandemic endangers animal health and all
branches of global pig industry (24). In the absence of vaccines or
treatment options, controlling ASF is proving nearly impossible
Frontiers in Immunology | www.frontiersin.org 695
in many regions of the world (25), and research towards vaccines
has been intensified.

For the domestic pig sector, safety is a key requirement and
thus, inactivated vaccines, vectored vaccines, and subunit
approaches would be favorable. Unfortunately, there has been
little success in this direction (3).

In an additional attempt of testing an inactivated vaccine, we
explored the use of gamma-irradiation for virus inactivation.
After the development of gamma irradiators that can provide
precise doses, this technique has been used to develop a variety of
proof-of-concept vaccine types. The main advantage of this
inactivation technique is its ability to destroy nucleic acids of
the pathogen while preserving the proteins and thus the
antigenicity. Chemical inactivation which is more frequently
used in the current inactivated vaccine production, leads to an
increased destruction of pathogen proteins compared to
FIGURE 4 | Detection of viral genome in blood samples after challenge infection. Challenge was performed on day 42 after the first vaccination or 21 days after the
second vaccination. Blood samples were taken on day 4 pc and at day of euthanasia. Results are expressed as log 10 genome copies (gc)/run. nd, not detected.
FIGURE 3 | Mean clinical scores (bars indicate standard deviation) of the vaccinated and control groups after challenge. The control group showed a later onset
compared to both vaccinated groups. Dotted line indicates the moderate humane endpoint of 10 score points (indicated as dotted horizontal line). The cross marks
the day of euthanasia. dpc, days post challenge.
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radiation-inactivation. Moreover, following radiation-
inactivation, there is no need to remove any chemical residues
which increases the safety of the vaccine and makes the whole
process simpler and less time-consuming (26). Thus, in this
study we aimed at preserving the structure of the virus and the
natural presentation of crucial antigens. In addition, we chose
two adjuvants with different modes of action, namely
“Montanide™ ISA 201” and “Polygen™”, that are both known
to elicit not only humoral but also cellular responses (20, 21, 27–
30). The latter are known to be crucial for protection (31).

In the presented study, inactivation was achieved with doses
from 8 kGy onwards with an initial virus titer from 107.25 HAU/ml.
Given the impact of the disease and biosafety requirements, a
considerable safety margin according to the internationally
accepted standard SAL was added, and vaccination was carried
Frontiers in Immunology | www.frontiersin.org 796
out with suspensions irradiated with 30 kGy. This dose is still lower
than the dose of 50 kGy that was used by McVicar et al. (32) for
bulk samples (titers of the selected tissues ranged from 104.6 to
107.8 HAd50/g). However, McVicar (32) showed that an irradiation
dose of 20 kGy was sufficient to inactivate ASFV. The latter is in
line with more recent studies by Boudarkov et al. (33), who
showed that irradiation doses of 20 kGy and higher completely
inactivated ASFV with an initial titer of 106 HAd50/cm

3. In the
experiment presented here, the infectivity of the irradiated virus
was tested by haemadsorption test and complete inactivation was
confirmed in the animal trial (no detection of virus in vaccinees).
In addition, integrity of the virus particles was confirmed by
electron microscopy.

General immunogenicity was shown as all animals developed
antibodies against ASFV p72. In detail, the group that received
A B

D

E F

G

I

H

C

FIGURE 5 | Individual log 10 genome copies (gc)/run obtained by qPCR (King et al., 2003) from spleen (A), kidney (B), liver (C), tonsil (D), bone marrow (E), Ln. popliteus (F),
Lnn. gastrohepatici (G), Ln. renalis (H) and Lnn. inguinales (I) of the vaccinated and control groups. *p-Values: < 0.1; ***p-Values: < 0.001. nd, not detected.
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Montanide™ ISA 201 VG as adjuvant, seroconverted earlier and
showed higher ASFV p72 antibody levels when compared to the
group that received the vaccine with Polygen™ as adjuvant.
Unfortunately, challenge infection showed again that no
protective immunity was induced. All vaccinated animals
reached the humane endpoint even earlier than the controls
and displayed typical ASF lesions. However, lower viral loads
were detected in organ samples of the vaccinated animals,
especially in spleen, liver and bone marrow. This could be due
to a partial protection of antibodies, as the level of antibodies
decreased slightly after challenge, indicating consumption.
Another explanation could be the fact that the vaccinees had
to be euthanized one day earlier than the control group.
Jancovich et al. (34), also observed that if animals were
vaccinated, decreased levels of ASFV genome in blood and
some soft tissues were found after challenge compared to those
in control pigs. One pig (# 351) from the Montanide™ ISA 201
VG adjuvanted group showed even no viremia at 4 dpi and very
low genome copies in organ samples at the day of euthanasia,
although the clinical signs were severe. It cannot be completely
ruled out, however, that technical problems during challenge or
sampling could have led to the observed difference for this
particular pig. These findings of an earlier onset of clinical
signs, viremia, and death in vaccinated animals were in line
with other studies that showed lacking protective effects in the
presence of high antibody levels (9, 35, 36).

The above indicated slightly accelerated clinical course in
vaccinated animals in the absence of higher virus replication
could indicate an immune-mediated disease enhancement of so
far unknown genesis. This phenomenon was also seen in the study
with inactivated preparations by Blome et al. (35) and in the study
by Lokhandwala et al. (37), which used an Adeno-vectored
vaccine. Experiments with DNA vaccines and recombinant
proteins have also led to an earlier onset of clinical signs,
viremia and death in vaccinated animals after challenge (34, 38,
39). Enhanced susceptibility to certain virus infection due to pre-
existing immunity can occur through mechanisms involving
antibodies, activated macrophages, CD4+T-cells, and dendritic
cells (40, 41). One such mechanism, antibody-dependent
enhancement (ADE), is a well-documented phenomenon for
viral pathogens such as dengue virus and HIV (42, 43), but also
MERS-CoV or SARS-CoV spike S protein (44). For ASFV, the
underlying mechanisms remain to be elucidated.

Since this was a proof-of-concept study, groups of animals
were restricted for this study in terms of the adjuvants, direct
comparison was beyond the scope of our study and we did also
not include an adjuvant-only or vaccine-only control. In the end
this hampers full evaluation of enhancing effects, but as all
animals succumbed, follow-up studies may not be indicated.
Taking published studies into account, a detrimental effect of
powerful adjuvants cannot be completely excluded.

The route of vaccine administration can also play an
important role and is worthy of further research in the context
of immunization protocols. For example, it was observed that
pigs infected with the naturally tick attenuated genotype I
OURT88/3 virus were protected against virulent wild type
FIGURE 6 | Summary of macroscopic pathological findings in unvaccinated

(Armenia control) and vaccinated challenged pigs (Montanide™ ISA 201 VG

and Polygen™). The mean values of each individual finding (right legend) from
all animals were summarized to form a total score given on the Y-axis.
A

B

FIGURE 7 | Antibody detection in the vaccinated groups. (A) the vaccinated

group with Monatide™ ISA 201 VG as adjuvant and (B) the vaccinated group

with Polygen™ as adjuvant. The ELISA cut off is 50% blocking which is
indicated as a red dotted line in both graphs. The first black dotted line
indicates the second vaccination and the second dotted line is the time point
of the challenge infection.
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OURT88/1 challenge when administered at low to intermediate
doses 103–104 pfu intranasally, but not when administered
intramuscularly at the same doses (10). Another route that
could be beneficial is the intra-dermal application as antigen-
presenting dendritic cells are highly abundant in dermal
tissues (45).

Based on the negative results of the use of inactivated vaccines
against ASF from previous studies and this one, the use of
inactivated vaccines against ASF does not seem to be a viable
strategy to date. The lack of neutralizing antibodies plays a major
role in the development of an effective inactivated vaccine (9).
The insufficiency of inactivated vaccines, along with the lack of
efficacy of subunit vaccines, can be explained by the fact that
cellular immunity plays a crucial role in protection against ASFV
(46, 47). To generate a cellular response, there should be viral
replication in the host, which explains effectiveness of live
attenuated vaccines (9).

In summary, it can be said that ASF virus inactivated by
gamma irradiation cannot be used as a vaccine due to the lack of
protection after challenge. The phenomenon of significantly
lower viral loads in spleen and liver of immunized animals at
the time point of euthanasia, which suggests an immune
mediated disease enhancement, needs further investigation.
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Low-energy electron irradiation is an emerging alternative technology for attenuated or
complete pathogen inactivation with respect to medical, biotechnological, and
pharmaceutical applications. Pathogen inactivation by ionizing radiation depends mainly
on the absorbed electron dose. In low-energy electron irradiation processes,
determination of the absorbed electron dose is challenging due to the limited, material-
dependent penetration depth of the accelerated electrons into the matter. In general, there
are established dosimetry systems to evaluate the absorbed dose under dry irradiation
conditions. However, there is no system for precise dose monitoring of low-energy
irradiation processes in liquids or suspensions so far. Therefore, in this study three
different bacterial species were investigated as biological dose indicators, especially in the
range of low doses (< 6.5 kGy) in aqueous solutions or suspensions. Escherichia coli,
Bacillus subtilis, and Staphylococcus warneri were comparatively evaluated for their
suitability as biological dose indicators. Thin homogeneous films of the respective
bacterial suspensions were irradiated with increasing doses of low-energy accelerated
electrons. The average absorbed dose was determined using a colorimetric dosimeter
based on a tetrazolium salt solution. The maximum and minimum absorbed doses were
measured with a referenced film dosimeter. Subsequently, the inactivation kinetics was
determined in terms of inactivation curves and D10 values. Thus, the minimum inactivation
dose of bacterial growth was assessed for E. coli and S. warneri. The effect of irradiation
with low-energy accelerated electrons on the growth behavior and activity of the bacteria
was studied in more detail using impedance spectroscopy. With increasing irradiation
doses growth was delayed.
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INTRODUCTION

The inactivation of microorganisms is a critical step in many
aspects of biomedical research, in biotechnological production
processes, and in healthcare facilities. Sterilization is a validated
process that destroys or eliminates all forms of microbial life,
leaving a product free from viable microorganisms. Various
physical or chemical processes are used to achieve sterility or
to inactivate microorganisms. Amongst physical treatment,
ionizing radiation with gamma-rays, X-rays, and high-energy
accelerated electrons has been used as technology for pharma
applications and to sterilize medical products or pasteurize food
(1–4). In recent years, electron beam accelerators have emerged
as feasible alternative for industrial processing. Sterilization using
accelerated electrons is an accepted technology that meets the
requirements of international standards according to (5). For
radiation sterilization a minimum dose of 25 kGy is required to
achieve sufficient sterilization efficiency. Consequently,
microorganisms such as bacteria, viruses, and protozoa can be
efficiently inactivated with technologies using accelerated
electrons (6–8).

Depending on the kinetic energy of the electrons, electron
beam technology can be distinguished either in high-, middle-, or
low-energy accelerated electron irradiation (LEEI; ≤ 300 keV)
(9). The penetration depth of the electrons is determined by their
kinetic energy, by the density, and by the thickness of the treated
material. The higher the kinetic energy and the lower the density
of the matter, the higher the range of electrons in the material
(10). Electrons with high kinetic energy can penetrate products
up to several centimeter whereas the penetration depth of low-
energy accelerated electrons is limited to a few hundred
micrometer (11). Thus, the low penetration depth is a major
challenge when using LEEI (12), especially for liquid processing
systems. Consequently, the liquid, e.g. a pathogen-containing
suspension, has to be processed as a thin film of several microns
to ensure homogeneous irradiation through the complete
liquid film.

When low-energy accelerated electrons collide with matter
their kinetic energy is transferred through physical interactions
to excite molecules. This leads to the formation of highly reactive
free radicals, such as hydroxyl radicals. These hydroxyl radicals
can initiate a cascade of chemical chain reactions leading to the
breakdown of structural and functional biomolecules. The most
important target for the action of ionizing radiation in the cell is
the DNA molecule. The DNA destruction leads to irradiation
damage of the cells (13). Furthermore, the inactivation of
pathogens can also be attributed to the degradation of nucleic
acids, either by direct interaction or indirectly through the
radiolysis of water within the cell (4). Hydroxyl radicals are
thought to be responsible for 80-90 % of total DNA damage (14).

High-energy electron accelerators generate a large amount of
Bremsstrahlung (X-ray radiation). Therefore, these irradiation
facilities must be equipped with complex shielding constructions
to protect both the personnel and the environment. This makes
direct integration of HEEI technologies into pharmaceutical
production facilities challenging. In contrast, LEEI technology
generates only a low quantity of X-ray radiation, which
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minimizes undesired side effects and allows for compact
radiation protection. In addition, LEEI is a chemical-free, fast
process with high overall energy efficiency (11, 15). Previously,
LEEI has been shown to be an emerging technology for the
development and production of inactivated vaccines (16).

The benefits of LEEI technology are faced with the challenge of
determining the absorbed dose in irradiated liquids, especially in
the range below 6.5 kGy. In general, there are established dose
indicators for measuring the dose under dry irradiation conditions
(1, 17). There is a whole range of approved, excellent dosimeters,
e.g. the reference standard alanine dosimeter (18), which can be
used to calibrate other dosimeters, and the Risø B3 radiochromic
film dosimeter for routine dose measurements (19).

However, the radiation-induced response from some routine
dosimeters is not stable and changes with time after irradiation
(20). Existing film dosimeter systems are susceptible to
environmental influences, such as air, humidity, oxygen
content in the atmosphere, surrounding temperature, or UV
radiation from sun light (21). In addition, the response can vary
by up to 30-40 % if the dosimeters have been irradiated under
extremely dry or humid conditions, which has a vast impact on
the result. For LEEI applications, it is recommended to store and
irradiate the film dosimeters under controlled and well-defined
conditions (21). A liquid dosimeter currently in use is based on a
dye solution that changes its spectral properties after irradiation
with low-energy accelerated electrons (8). However, this liquid
dosimeter is only reliable for doses above 6.5 kGy. Hence, there is
a necessity for a liquid routine dosimeter for low doses of low-
energy accelerated electrons.

A biological dose indicator system based on various bacteria
(hereafter referred to as bio-dosimeter) could potentially
improve the quantification of the dose in liquids after
irradiation with low-energy accelerated electrons. The
underlying assumption is that bacteria lose their ability to
proliferate after being exposed to a certain dose of low-energy
accelerated electrons. Consequently, the response of the
dosimeter should remain constant and bias due to improper
storage of the bio-dosimeter should be avoided.

In this study, three different non-pathogenic bacteria from
different taxa and with different physiological characteristics were
studied for their suitability as biological dose indicators for LEEI.
Escherichia coli served as a Gram-negative model organism.
Staphylococcus warneri and vegetative cells of Bacillus subtilis
served as Gram-positive representatives. The objective was to
characterize the inactivation kinetics of each bacterium and to
investigate the impact of LEEI on growth and activity by
impedance spectroscopy.
MATERIAL AND METHODS

Strains and Culture Conditions
All bacterial strains used in this study were obtained from the
German Collection of Microorganisms and Cell Cultures DSMZ
and kept as stock cultures at -20°C. E. coli K12 (DSM 498) was
cultivated in Standard Nutrient Broth I and vegetative cells of
B. subtilis (DSM 10) in LB-broth (both Carl Roth GmbH + Co.
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KG) at 37°C and 125 rpm shaking. S. warneri (DSM 20036)
usually appears in conglomerates. To avoid agglomeration of the
bacterial cells, CASO-Bouillon (Carl Roth GmbH + Co. KG) was
used for cultivation at 37°C and 125 rpm overnight. Prior to each
irradiation experiment a fresh overnight culture was grown. To
ensure equivalent cell densities, the freshly grown pre-cultures
were enumerated with a Neubauer improved counting chamber
and diluted to approx. 106 bacteria/ml.

A petri dish-based setup was used to irradiate the bacterial
suspensions, in which the liquid droplet was covered with a
round foil of oriented polypropylene (OPP) to create a thin
homogeneous liquid film of 80 mm height (Figure 1). Prior to
use, the OPP foils were disinfected with 70 % ethanol (v/v) for 15
minutes. 57 µl bacterial suspension was pipetted in three sterile
petri dishes in a laminar flow work bench. The fourth petri dish
served for routine dosimetry as described below. Briefly, a piece
of dosimeter film was fixed in the center of the petri dishes and
covered with OPP-foil. The so prepared petri dishes were fixed
on one sample holder and covered with high-density
polyethylene (HDPE) foil.

The low-energy accelerated electron plant REAMODE
(“Reactive Modification with Electrons”) with a 200 keV
electron beam (KeVac System, Linac Technologies, Orsay,
France, 200 kV) was used for irradiation. The conveyor speed
was 140 mm/s and the distance of the beam exit window to the
specimens was 35 mm. The applied current (0.1-0.85 mA) was
used to adjust the intended absorbed dose in a range from 0.1 to
3.5 kGy.

Counting of Viable Cells After Irradiation
30 µl of bacterial suspension was immediately recovered from the
petri dish and plated onto respective agar plates to determine the
number of colony forming units (CFU). Plates were incubated
for 24-48 h at 37°C. To determine the CFU/ml, the mean values
of the visible colonies were calculated from three to nine
agar plates.
Frontiers in Immunology | www.frontiersin.org 3103
For solely qualitative analysis of bacterial growth after
irradiation, 5 ml of sterile nutrition broth was added to the
remaining bacterial suspension in the petri dish. The so prepared
petri dishes were incubated at the optimum growth temperature
for 7 days to monitor the growth of bacteria via turbidity.

Routine Measurement of Absorbed Doses
and Depth Dose Distribution
The absorbed dose was routinely measured with radiochromic
films (Figure 2A; Risø B3 dosimeter, Risø High Dose Reference
Laboratory, Roskilde, Denmark). The dosimeter films were
incubated at 60°C for 8 min after irradiation. The absorbed
dose was measured by quantifying the color change at 554 nm
using special software with a calibration (RisøScan-System).
Irradiation with low-energy accelerated electrons was
accompanied by a dose gradient across the thickness of the
irradiated dosimeter foil. Therefore, the dose measured with Risø
B3 was corrected to Dµ, which corresponds to the absorbed dose
in the first micrometer of the absorbing medium (12).

The dose gradient in the irradiated liquid was simulated by a
stack of Risø B3 films (depth dose distribution). The total volume
of bacterial suspension in the petri dish (57 ml) corresponded to a
liquid height of 80 µm. Based on the density of a Risø B3 film
(r = 1.12 g/cm3) an equivalent to the density of water was
calculated (r = 1.0 g/cm3). Thus, a layer of Risø B3 (18 mm)
corresponded to a liquid layer height of 20.1 mm. Consequently, a
stack of 5 Risø B3 films was required to simulate a liquid height
of 80 µm. Air bubbles between the dosimeter films were avoided.

After irradiation, the maximum irradiation dose was obtained
from the response of the dosimeter on the top of the stack. The
average dose was calculated from the mean value of 4 dosimeter
films. The minimum dose was given as an average of the second
last and the bottom dosimeter film. In order to measure the mean
irradiation dose of the liquid, a dosimeter based on a solution of
2,3,5-triphenyltetrazolium chloride (TTC; 0.2 % (w/v)) in water
was used (Figure 2B). The TTC was reduced to red-colored
FIGURE 1 | Schematic illustration of the OPP-system used for the irradiation of the bacterial suspensions.
April 2022 | Volume 13 | Article 814767
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formazan upon irradiation. The absorption was measured in
transparent 96-well plates at a wavelength of 485 nm (Tecan
infinite M200, Tecan Group Ltd.) (8). The TTC was calibrated
using the Risø B3 dosimeter. The calibration procedure will be
described elsewhere.

Determination of D10 Values
The D10 value is defined as the dose required to reduce the
population by 1 log or decrease it by 90 %. It is calculated from
the negative reciprocal of the slope of the regression line that is
produced by plotting the number of colony forming units against
the absorbed dose. The mean D10 value (n = 3) was calculated for
each of the three species. From the simulation of the depth dose
distribution the maximum and the minimum absorbed doses
were measured and calculated. The theoretical inactivation dose
was given as the radiation dose that reduced the initial
population by 106 bacteria/ml or by a 6 log reduction. To
calculate the theoretical inactivation dose for each species the
D10 value was multiplied by 6.

Impedance Spectroscopy
By impedance spectroscopy, the measured change in the electrical
conductivity allows the qualitative and quantitative tracing of
microorganisms due to the analysis of their microbial activity.
Uncharged or weekly charged components of the growth medium
are metabolized into smaller charged components by the bacteria,
which changes the electrical conductivity of the growth medium
and thus the impedance signal. For the measurements carried out
in this study, the BacTrac 4100® system (Sy-Lab, Austria) was
used with the electrode impedance or E-value (E %). The
impedance curve showed the relative change of the E-value as a
function of time measured in intervals of 10 minutes.

For E. coli, 5970 µl nutrition broth was transferred to an
impedance cell. 30 µl of the respective bacterial suspension was
added. The suspensions were collected from the petri dish (OPP-
system) after irradiation with 0.7, 1.4, 2.1, and 2.8 kGy,
respectively. The positive controls (referred to as 0 kGy samples)
were not irradiated but handled identically to the irradiated
samples. As negative controls sterile growth medium was used.

In an optimized procedure for S. warneri and B. subtilis, 5700 µl
growth medium (CASO bouillon or LB broth) was transferred to
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an impedance cell. To the (irradiated) bacterial suspension in the
petri dish, 513 µl of the respective growthmediumwas added to the
edge of the OPP foil. The petri dish was shaken at 100 rpm for 2
min. 300 µl of the diluted bacterial suspension were rinsed 2-3
times to achieve maximum recovery of bacteria. The collected
bacterial suspension was transferred to the impedance cell. All
impedance analyses were performed at 37°C.

Statistical Analysis
Data in the figures are given as mean values, and, if indicated, with
± standard deviation (SD). The standard deviation was calculated
by the standard error of the arithmetic mean using the MiniTab 20
statistical software. To determine the D10 values regression
analysis was performed with MiniTab 20 or Excel 2016.

For impedance spectroscopy, all measurements were carried
out in triplicates within one series of experiments and
additionally at three independent time points (n = 9). Positive
controls and negative controls were carried out in triplicates, too.
RESULTS

Dosimetry
Accurate dose measurement was critical for reliable results
(Figure 3). The intended dose was adjusted by the beam current
intensity. The applicable dose range of the Risø B3 film dosimeter
is reported to range from 5 to 100 kGy. Since the doses for LEEI
inactivation of the used microorganisms are below 5 kGy, which is
the Risø B3 lower limit, measuring fluctuations in the dosimeter
response can occur. Therefore, dose values from three
independent LEEI experiments were plotted against the beam
current (Figure 3A). There was a linear correlation between beam
current and absorbed dose with an R2 value of 0.989 and a
standard deviation of about ± 4 % for the applied doses.

Due to the low penetration depth of the low-energy
accelerated electrons, a dose gradient within the bacterial
suspension was expected during LEEI. Therefore, experiments
were carried out to simulate the depth dose distribution across
the liquid using a stack of Risø B3 films as reference dosimeter
(Figure 3B). The measured and calculated maximum, mean, and
minimum dose values are given in Table 1. From the maximum
FIGURE 2 | Film and liquid dosimeter. (A) Risø B3 film dosimeter. (B) TTC-based liquid dosimeter.
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absorbed dose (corresponding to 100 %), a relative minimum
dose of 84.4 % was derived. This relative percentage value served
as calculation basis for the minimum D10 value.

As colorimetric dosimeter for liquids, the TTC dye indicator
was used. However, with the colorimetric liquid dosimeter, only
the average dose related to the total volume of the liquid could be
determined. The liquid dosimeter did neither provide
information on the dose gradient nor on the maximum and
minimum absorbed dose. However, the mean dose values
measured with the TTC liquid dosimeter were in good
agreement with the mean dose values calculated for the Risø
B3 film stack (Table 1).

Inactivation Curves and D10 Values
LEEI experiments were carried out to determine the dose values
required for the inactivation of E. coli, S. warneri, and B. subtilis
(Table 2). Initially, 106 bacteria/ml were irradiated with
increasing doses up to 3.5 kGy. Upon irradiation, the bacteria
were plated on agar-plates to determine the number of surviving
cells. The number of CFU was plotted as a function of the dose to
obtain the D10 values (Figure 4). In all cases, the counts of CFU
decreased linearly as the dose increased. The R2 values from the
regression lines were 0.872, 0.903, and 0.871 for E. coli,
S. warneri, and B. subtilis, respectively.

Irradiation with low-energy accelerated electrons was associated
with dose gradient across the bacterial suspension. Therefore, the
maximum and minimum absorbed dose was taken into account.

For E. coli (Figure 4A) the application of 2.8 kGy reduced the
initial cell density of 106 cells/ml to 0 CFU. Additionally, no
bacterial growth occurred after sterile growth medium was added
to the petri dishes for recultivation of potentially surviving or
Frontiers in Immunology | www.frontiersin.org 5105
recovering bacteria. Since the media did not become turbid, the
presence of multiplying E. coli cells was excluded. Thus, 2.8 kGy
was experimentally determined as the required dose to inhibit
growth. This was in good accordance with the calculated
maximum inactivation dose (2.76 kGy), which was derived
from the maximum D10 value multiplied by 6. The calculated
minimum inactivation dose was approximately 2.4 kGy.
Furthermore, the maximum and minimum dose to obtain a
1 log reduction for E. coli was calculated. The corresponding D10

values were 0.46 kGy (derived from the negative reciprocal of the
slop from the inactivation line) and 0.39 kGy (84.4 % of the
maximum applied dose), respectively.

S. warneri did neither grow on agar-plates nor after adding
sterile growth medium to the petri dishes after irradiation with
2.8 kGy. The maximum and minimum inactivation dose was 3.0
kGy and 2.9 kGy, and the corresponding maximum and
minimum D10 values 0.50 kGy and 0.42 kGy (Figure 4B).

Vegetative cells of B. subtilis were, according to the calculated
doses, supposed to be inhibited in growth in a range from 1.9 kGy
to 2.2 kGy, resulting in D10 values from 0.31 kGy to 0.37 kGy,
respectively (Figure 4C). However, the B. subtilis inhibition could
not clearly be achieved because the turbidimetric test results even
at higher doses were not reproducible. The presence of surviving
and multiplying B. subtilis cells was indicated.

Characterization of Growth via
Impedance Spectroscopy
Impedance measurement was used to analyze the influence of
LEEI on growth and thus metabolic activity of E. coli, S. warneri,
and B. subtilis (Figure 5). Bacterial suspensions were collected
after irradiation with 0.7, 1.4, 2.1, and 2.8 kGy, respectively.
TABLE 1 | Depth dose profile derived from Risø B3 films stacked within the OPP-system.

Nominal dose
[kGy]

Absorbed max. dose
[kGy]*

Absorbed mean dose
[kGy]**

Absorbed min dose
[kGy]***

% relative to max.
dose

Absorbed mean dose in liquid by TTC
[kGy]

20 20.8 20.0 17.9 85.8 20.5
25 24.7 23.4 20.4 82.6 27.1
30 31.5 29.8 26.7 84.8 27.9
*Derived from the uppermost dosimeter film, **the mean value from 4 films, and ***the mean value from the second-last and bottom film. The mean dose determined with the TTC liquid
dosimeter is given in the right column.
A B

FIGURE 3 | Dose measurements and depth dose distribution: (A) Linear correlation between the adjusted beam current and the absorbed dose in the intended
dose range from 0 to 3.5 kGy. The red rectangles show the mean values. (B) Schematic illustration the depth dose distribution in the OPP-system, simulated by a
stack of 5 dosimeter films.
April 2022 | Volume 13 | Article 814767

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Schopf et al. Bio-Dosimeter for LEEI
Samples containing bacterial suspensions, which were handled
identically but not irradiated served as controls (0 kGy). As
negative control sterile non-inoculated liquid growth medium
was used. Those controls did not produce any measurable change
in the electrical impedance signal. When bacterial growth
occurred, the resulting impedance spectra showed a sigmoidal
trend. Positive controls were carried out using a freshly grown
pre-culture, which was not handled in the OPP-system. The
impedance signals recorded from those controls were similar to
the 0 kGy control samples (data not shown). After irradiation of
the bacteria with 0.7 kG and 1.4 kGy, growth of E. coli and
S. warneri was measurable in terms of an impedance signal in all
samples. Irradiation of E. coli and S. warneri with 2.1 kGy
resulted in a transition state in which two of nine samples
were already inactivated, whereas the remaining ones produced
an impedance signal (Figures 5A, B). After irradiation with
2.8 kGy, basically complete inactivation was achieved, i.e. the
impedance signals did not increase.

For B. subtilis, impedance analysis revealed a different picture
(Figure 5C). Complete inactivation could not be reproducibly
achieved and growth occurred in some samples even after
irradiation with 2.8 kGy was applied.

In general, irradiation with increasing doses from 0.7 to 2.1 kGy
resulted in a prolongation of the lag phase. The entry into the
exponential phase was delayed, as also summarized in Table 3.
This finding was very pronounced in E. coli and S. warneri, whereas
it was less evident in B. subtilis. However, in all three species
studied, the slope of the curve in the exponential growth phase was
not significantly affected.
DISCUSSION

It was previously shown that LEEI can successfully be used to
inactivate a number of pathogens, such as influenza (H3N8), Equid
herpesvirus 1, respiratory syncytial virus (RSV), and bacteria (6, 16,
22). However, up to now, no liquid dosimeter is available for low-
energy accelerated electrons and doses below 6.5 kGy. To overcome
this issue, the suitability of different bacteria as bio-dosimeter based
on their radiation susceptibility was investigated. Therefore, E. coli,
S. warneri, and B. subtilis (as vegetative cells) were irradiated with
doses < 6.5 kGy to determine the inactivation dose, the D10 value,
and to investigate the effect of LEEI on the growth behavior in more
detail via impedance spectroscopy.

Dosimetry
The low penetration depth of LEEI technologies into matter is
challenging, when using this technology for biological processes
in liquids or suspensions. Therefore, the irradiation process with
Frontiers in Immunology | www.frontiersin.org 6106
low-energy accelerated electrons was carried out in a petri dish
system using a cover foil of oriented polypropylene (OPP) to
achieve a thin homogenous liquid layer (approx. 80 mm) with
low dose gradient. The depth dose distribution was determined
using the Risø B3 film dosimeter as calibrated reference
dosimeter. A transfer of the mean dose measurement data into
liquid systems was carried out by using a colorimetric TTC-
based liquid dosimeter.

With the implementation of a routine procedure that strictly
considers the time of evaluation after irradiation, the TTC-based
liquid dosimeter is usable as stable dosimeter for LEEI in a dose
range between 6.5 and 40 kGy (8). However, it does not provide
optimal results at lower doses. There is an estimated uncertainty
range of 11.4 %, especially since the applied the low doses used in
this study were outside of the TTC calibration limits.

Inactivation Curves and Minimal
Inhibitory Dose
Complete bacterial inactivation, i.e. the inhibition of growth, of
defined titers of bacterial cells by lethal electron doses is feasible
based on the knowledge of the target organism’s D10 value (23).
Since the applied sources of ionizing radiation and the irradiation
conditions differ between studies, a direct comparison is challenging
(24). There are several studies dealing with the inactivation of other
bacteria by accelerated electrons as source of ionizing radiation, i.e.
Rodentibacter pneumotropicus (22), Salmonella enterica serovar
Typhimurium (25), or Listeria monocytogenes (26). Using LEEI, a
dose of 5 kGy was sufficient to inactivate E. coli DH5a from a pre-
culture with an OD600 of 3.0 in PBS, reproducibly. Inactivation
kinetics (log reduction and D10) were not presented in the previous
study using the petri dish system for irradiation (16). In the study
shown here, the number of colony forming E. coli decreased linearly
with increasing doses of low-energy accelerated electrons up to a
dose of 2.8 kGy, which was sufficient to inhibit bacterial growth.

In a previously conducted study using high-energy accelerated
electrons a dose of 7 kGy was required to prevent a defined titer of
E. coli K12 from multiplication. It could be shown that the E. coli
cells stayed metabolically active up to 9 days after irradiation, had
intact membranes, and still supported propagation of
bacteriophages (27). Another study investigated electron beam
technology for food preservation and revealed that a dose of 1.0
kGy reduced the growth of E coli in nutrient broth by 3-4 log units
(D10 = 0.27 kGy). No bacteria were detectable after an irradiation
with 2 kGy of high-energy accelerated electrons (10 MeV).
However, when grown on meat a dose of 1 kGy caused a
reduction of only 2 log units (D10 = 0.47 kGy) (28).

The response of the foodborne contaminant Staphylococcus
aureus towards low-dose gamma-rays as source of ionizing
radiation was investigated as a decontamination technology for
TABLE 2 | D10 values and the maximum theoretically and experimentally determined inactivation dose values for E. coli, S. warneri, and B. subtilis.

Bacterium D-10max [kGy] D-10min [kGy] Maximum in activation dose (theoretical) [kGy] Maximum in activation dose (experimentally) [kGy]

E. coli 0.46 0.39 2.76 2.80
S. warneri 0.50 0.42 2.99 2.80
B. subtilis 0.37 0.31 2.2 n. d.
N. d., not determined.
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food preservation (29). Therefore, frozen ham and cheese
sandwiches were inoculated with S. aureus. Irradiation resulted
in an average D10 value of 0.625 kGy, indicating that a dose of
approximately 3 kGy would result in a 5 log reduction of
S. aureus in sandwiches.
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B subtilis and B. cereus spores were reduced to approximately
2 log units when a 10 MeV circular electron accelerator was used
with 7.6 kGy (30). The corresponding D10 values were in the
range of 1 to 4 kGy, which was in good accordance with data
from gamma irradiation experiments. It has to be pointed out,
A

B

C

FIGURE 4 | Inactivation curves using LEEI. Each curve represents the mean values of at least three irradiated bacterial suspensions. The initial cell number of the
pre-culture (indicated as red rhombus) was approx. 108 bacteria/ml. The starting total cell number for the experiments was 106 bacteria/ml. (A) E coli. (B) S. warneri.
(C) Vegetative cells of B. subtilis.
April 2022 | Volume 13 | Article 814767
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that in the study of De Lara and coworkers the environmental
conditions, like the used type of growth medium, influenced the
irradiation efficiency. A previous LEEI study demonstrated, that
spore inactivation efficiency was dependent on different external
Frontiers in Immunology | www.frontiersin.org 8108
factors, e.g. the sporulation medium used (31). Generally,
bacterial spores are more resistant to irradiation than
vegetative cells, except for a few very highly radiation-tolerant
vegetative bacteria (31). For vegetative Bacillus species in
A

B

C

FIGURE 5 | Impedance spectra without (0 kGy, green rectangles) and after irradiation with at 0.7 kGy (blue circles), 1.4 kGy (orange triangles), 2.1 kGy (yellow
rhombs), and 2.8 kGy (red rectangles). (A) E. coli. (B) S. warneri. (C) Vegetative cells of B. subtilis.
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suspension, as used in this LEEI study, there are hardly any data
on their radiation sensitivity. 32 summarized some D10 values for
vegetative B. cereuswhich were in the range of 0.30 to 0.65 kGy in
phosphate buffer and 0.575 kGy on nutrition broth. The
calculated D10 values from the B. subtilis used here ranged
from 0.31 kGy to 0.37 kGy and the inactivation tests were only
partially reproducible. This might indicate the presence of a
sporulating sub-population. Similar to the environmental
influences, the physiological state of the microorganisms, like
their different bacterial growth stages, has a great impact on the
subsequent LEEI results. B. pumilus spores have been widely
used as biological indicator to proof the effect of gamma
irradiation sterilization process (31, 33, 34). However,
inactivation of Bacillus spores suspended in water with high-
energy accelerated electrons was shown to be less effective than
gamma irradiation (24). Summarizing, this excludes them from
practical use as a bio-dosimeter for LEEI processes.

The underlying assumption is that ionizing radiation causes
the inactivation of microorganisms by losing their ability to
multiply. The mechanisms of radiation sensitivity are not yet
completely understood and probably vary between different taxa,
species, and even strains. Tolerance mechanisms can include
effective DNA repair, compatible solutes, and mechanism to
detoxify reactive oxygen species, as well as additional strategies to
withstand unpredictable environmental changes (35). Radiation
susceptibility of microorganisms is additionally affected by
different factors such as medium composition, physiological
state of the culture, temperature, gas atmosphere, and pH (32).
The data set given in Figure 4 reveals that growth inhibition by
LEEI can reproducibly achieved under defined growth and
irradiation conditions at room temperature and in air.
However, it also points out a certain response variability of
each bacterial species towards ionizing radiation.

Impedance Spectroscopy
Impedance spectroscopy is a rapid and non-invasive method to
detect bacterial cells by measuring the change of the electric
conductivity. In this study, impedance was used to investigate the
response of bacteria to irradiation with low-energy accelerated
electrons. E. coli, S. warneri, and B. subtilis showed a delay in
growth and the exponential growth phase was entered more
slowly with increasing dose. The capability to multiply was
affected by an increasing LEEI dose and less surviving (or non-
multiplying) bacterial cells remained. This finding was very
pronounced in E. coli and S. warneri, but less evident in
Frontiers in Immunology | www.frontiersin.org 9109
B. subtilis. Irradiation of E. coli and S. warneri with 2.8 kGy
lead to complete inactivation by inhibition of growth. These
results were in good accordance with the inactivation dose
experimentally determined by the investigation of the
inactivation curves (2.8 kGy). For B subtilis growth inhibition
was incomplete, which is in accordance with the results from the
inactivation kinetics. Although vegetative cells were utilized, a
sporulating sub-population may be present, which could explain
the inconsistency in determining the inactivation dose.

Impedance spectroscopy has been performed for various
applications in microbiology to monitor growth or responses
towards environmental changes. To the best of our knowledge,
this is the first time that impedance spectroscopy has been
successfully used as a method to describe the bacterial
response towards irradiation with low-energy accelerated
electrons. Whether the irradiated and inactivated bacterial cells
have lost their ability to divide, but still show metabolic activity,
is yet to be clarified. To investigate the influence of LEEI on the
biochemical pathways and gene expression, advanced molecular
studies need to be conducted.
CONCLUSION

The aim of the study was to verify the suitability of bacterial
suspension as bio-dosimeter for LEEI at a dose below 6.5 kGy. The
research results demonstrate that LEEI has the potential to
replicable inactivate bacteria at doses below 6.5 kGy. The D10

values for E. coli and S. warneri were determined. However, under
the given experimental conditions, vegetative cells of B. subtilis
were not consistent in their response. Therefore, the applicability
as reliable dose indicator is currently still uncertain. A workflow
standardization in terms of cultivation and irradiation could
overcome these hurdles. The bio-dosimeter could be a
promising tool to monitor dynamic LEEI processes within
fluids, e.g. LEEI-supported biotechnological processes within
a bioreactor.
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Low Dose Gamma Irradiation of
Trypanosoma evansi Parasites
Identifies Molecular Changes That
Occur to Repair Radiation Damage
and Gene Transcripts That May Be
Involved in Establishing Disease in
Mice Post-Irradiation
Richard T. Kangethe1*, Eva M. Winger1, Tirumala Bharani K. Settypalli 1, Sneha Datta1†,
Viskam Wijewardana1, Charles E. Lamien1, Hermann Unger1, Theresa H.T. Coetzer2,
Giovanni Cattoli 1 and Adama Diallo1,3‡

1 Animal Production and Health Laboratory, FAO/IAEA Agriculture and Biotechnology Laboratory, IAEA Laboratories
Seibersdorf, International Atomic Energy Agency (IAEA), Vienna, Austria, 2 Biochemistry, School of Life Sciences, University of
KwaZulu-Natal, Pietermaritzburg, South Africa, 3 UMR CIRAD INRA, Animal, Santé, Territoires, Risques et Ecosystèmes
(ASTRE), Montpellier, France

The protozoan parasite Trypanosoma evansi is responsible for causing surra in a variety of
mammalian hosts and is spread by many vectors over a wide geographical area making it
an ideal target for irradiation as a tool to study the initial events that occur during infection.
Parasites irradiated at the representative doses 100Gy, 140Gy, and 200Gy were used to
inoculate BALB/c mice revealing that parasites irradiated at 200Gy were unable to
establish disease in all mice. Cytokine analysis of mice inoculated with 200Gy of
irradiated parasites showed significantly lower levels of interleukins when compared to
mice inoculated with non-irradiated and 100Gy irradiated parasites. Irradiation also
differentially affected the abundance of gene transcripts in a dose-dependent trend
measured at 6- and 20-hours post-irradiation with 234, 325, and 484 gene transcripts
affected 6 hours post-irradiation for 100Gy-, 140Gy- and 200Gy-irradiated parasites,
respectively. At 20 hours post-irradiation, 422, 381, and 457 gene transcripts were
affected by irradiation at 100Gy, 140Gy, and 200Gy, respectively. A gene ontology (GO)
term analysis was carried out for the three representative doses at 6 hours and 20 hours
post-irradiation revealing different processes occurring at 20 hours when compared to 6
hours for 100Gy irradiation. The top ten most significant processes had a negative Z
score. These processes fall in significance at 140Gy and even further at 200Gy, revealing
that they were least likely to occur at 200Gy, and thus may have been responsible for
infection in mice by 100Gy and 140Gy irradiated parasites. When looking at 100Gy
irradiated parasites 20 hours post-irradiation processes with a positive Z score, we
identified genes that were involved in multiple processes and compared their fold change
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values at 6 hours and 20 hours. We present these genes as possibly necessary for repair
from irradiation damage at 6 hours and suggestive of being involved in the establishment
of disease in mice at 20 hours post-irradiation. A potential strategy using this information
to develop a whole parasite vaccine is also postulated.
Keywords: Trypanosoma evansi, gamma irradiation, TryMS array, vaccine, surra
INTRODUCTION

Trypanosoma evansi, a mechanically transmitted haemoparasitic
flagellate from the genus Trypanosoma, is geographically the
most widely dispersed member of the group and is found in Asia,
South America, the Middle East, and Africa, with occasional
outbreaks in parts of Europe (1). T. evansi has a wide host range
and infects many animal species causing Surra in cattle, buffalo,
pigs, and donkeys amongst other domesticated animals and is a
significant cause of morbidity and mortality in camel
populations (1–5). Zoonotic cases have also been reported in
humans and are referred to as atypical human trypanosomosis
(a-HT) (6). Some a-HT infections were found in individuals that
have a fully functional apolipoprotein L1 (ApoL1), the serum
lytic factor that prevents African Animal Trypanosomosis (AAT)
in humans, suggesting that the parasite is capable of employing
other mechanisms that are yet to be elucidated for survival in the
human host (7–9). Trypanosoma evansi parasites are transmitted
by blood sucking flies, which in addition to the tsetse fly, include
the horsefly, stable fly, horn fly, and deerfly (Tabanus and
Stomoxys spp.) and by vampire bats in South America (10–12).
Infection occurs when an infected fly, a temporary host with
parasite contaminated mouthparts, is able to feed on several
uninfected mammalian hosts thus quickly establishing disease.
The combination of having multiple host animals and a wide
range of mechanical vectors has enabled the parasite to spread
out of tsetse-infected areas onto four different continents
(13, 14).

The symptoms associated with T. evansi infections differ
depending on the susceptibility of the infected host and
include anemia, fever, loss of weight and productivity, as well
as abortion (15–17). Like all other extracellular parasites in the
genus, T. evansi primarily evades mammalian host immunity by
switching its variable surface glycoprotein (VSG). At the onset of
the infection, initial VSG-induced Th1 responses are followed by
T cell exhaustion, altered antigen presentation, defective
complement activation and eventually the destruction of the
bone marrow, marginal zone, and follicular B cell populations,
thus eliminating B cell memory and making the host vulnerable
to other secondary diseases (9, 18–21). Vaccinated pigs and
water buffalos perform poorly against already vaccinated diseases
after acquiring T. evansi infections (9, 21). All of these combined
factors have hindered the development of potential vaccines
against all trypanosome species to date.

There is experimental evidence to show that some animals
can undergo self-cure from T. evansi infection, an event that is
accompanied by qualitative and quantitative changes to their
lymphocyte populations (22–24). Studies in buffalo in Indonesia
org 2113
have also shown that in some naturally infected animals, there is
a long-term development of immunity that could be enhanced by
the use of suitable vaccination methods (25). Approaches to
trypanosome vaccine research have included using recombinant
subunit targets as antigens. Structural recombinant antigens
studied include tubulin, the GPI anchor of VSG, and more
recently, an invariant flagellum antigen protein that was
successful in mice but with no further developments for
affected livestock (26–30). Other promising antigens developed
include different Trypanosome proteases as ‘anti-disease’ targets
that alleviate symptoms rather than neutralizing the parasite, but
difficulties were encountered in the field due to their complex
chemistries (31–36).

Initial studies using irradiation as a tool for developing
trypanosome vaccines were made in the early 1970s by
destroying the parasite with high irradiation doses of up to
1000Gy (37). Animals inoculated with irradiated parasites
developed good humoral immune responses against VSG and
were protected against homologous trypanosome challenge but
not heterologous variants (37–45). The irradiation doses used
were however lethal to the parasite and much higher than those
used by current related irradiated parasite vaccines. Previous
attempts to develop trypanosome vaccines with irradiation were
made using 600Gy, a dose that is four times higher than what had
been successful in the development of an irradiated plasmodium
vaccine at 150Gy (46). For the non-dividing but metabolically
active Schistosoma irradiated vaccine, the effective dose used was
between 200- and 500Gy (47). Other studies that measure the
effect of using irradiation on the trypanosome spp. have been
carried out on T. cruzi due to its high tolerance to high doses of
irradiation of up to 1500Gy (48–50). Successful developments in
malaria have also demonstrated the feasibility of utilizing
irradiation as a technique for developing vaccines (46, 51–53).
Other potential irradiated parasite vaccines include those for
schistosomiasis (47, 54), parasitic bronchitis caused by
dictyocaulus spp. (55, 56) and Babesia (55, 56).

Following the success of malaria and other parasite irradiated
vaccines, we hypothesized that irradiated, metabolically active,
but non-replicating parasites could be used as a vaccine. To this
end, T. evansi was chosen as the representative parasite due to its
wide geographical host and vector range with little
developmental differences between the vector and mammalian
parasite forms. The possibility of restricted strain diversity and
the transient nature of infection with T. evansi in different
transmission vectors, implies that the mechanisms for infection
used by the parasite would be universal for all trypanosome spp.
Parasites were irradiated at different doses ranging from 100 -
250Gy so that they were temporarily unable to multiply but still
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capable of synthesizing many of the proteins that could
potentially help the parasite establish disease in mice.
Irradiated T. evansi parasites were subsequently observed in
vitro before inoculation and challenge of mice. Doses that
produced living and non-infectious parasites were then studied
using a whole transcript gene microarray and compared to that
of infectious parasites. Data was analyzed to identify genes and
processes that are responsible for radiation damage repair and
may possibly be involved in enabling the parasites to establish an
infection in the mammalian host after recovery.
METHODS

Trypanosome Culture
Bloodstream forms of T. evansi RoTat 1.2 wild-type parasites
obtained from the Institute of Tropical Medicine, Antwerp,
Belgium were isolated in 1982 from a buffalo in Indonesia
(ITMAS #020298) . Parasites were cultured in supplemented
Iscove’s Modified Dulbecco’s Medium (IMDM) as previously
described (57). Briefly, 1 liter of IMDM containing 3.6 mM
NaHCO3 (Thermo Fischer Scientific, Roskilde, Denmark) was
supplemented with 1 mM hypoxanthine, 1 mM sodium
pyruvate, 0.16 mM thymidine, 0.05 mM bathocuprone sulfate,
1.0 mM L-cysteine and 0.2 mM 2-mercaptoethanol). The pH was
adjusted between 7.2 and 7.4 and 10% (v/v) heat inactivated fetal
calf serum (Gibco, Paisley, UK) was added before filtration using
a 0.2 µm filter. Parasites were seeded at 2 x 105 and regularly split
at mid logarithmic growth phase. Bloodstream forms of T. evansi
Can 86K were also obtained from the Institute of Tropical
Medicine and were isolated in 1986 from a dog in Brazil
(ITMAS #140799B) and used for heterologous challenge
studies (58).

Trypanosome Irradiation Parameters
Bloodstream forms of T. evansi RoTat 1.2 wild-type parasites
(1x106 mid log phase) were resuspended in complete IMDM in a
50 mL conical tube filled to the top with no air bubbles and put
on ice. Parafilm was used to avoid spillage and contamination.
Parasites on ice were then placed in the Gamma irradiator and
exposed to the Cobalt 60 source for the calculated length of time
it took to deliver the desired dose (Model 812 Co-60 irradiator,
Foss Therapy Services, Inc., California, USA). Initial doses
ranging from 100Gy to 600Gy were carried out and later on
restricted to 100Gy - 250Gy with 20Gy intervals. Irradiated
parasites were then pelleted and finally resuspended at 2x105

parasites per ml with 1 ml dispensed per well in a 24 well flat-
bottomed culture plate and in vitro growth was observed. Initial
doses of 100Gy, 120Gy, 140Gy, 160Gy, 180Gy, 200Gy, and
250Gy were applied to identify the D10 dose value which is
the dose required to reduce parasite load by 90% or 1 log, (59).

Cell Proliferation Assay
Bloodstream forms of T. evansi RoTat 1.2 wild-type parasites
(1x107 mid log phase) were pelleted and re-suspended in 1 mL
IMDM containing 5% (v/v) FCS. A volume of 1.1 µL of CFSE
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stock solution (5 mM 5(6)-Carboxyfluorescein diacetate N-
succinimidyl ester; Sigma Aldrich, St. Louis, MO, USA) was
mixed with 110 µL of PBS and added to the parasites before
gently mixing by inverting the tube. Parasites were incubated
with CFSE at 37°C for 5 minutes with gentle mixing 3 to 4 times.
The CFSE-labelled parasites were then resuspended in 10 mL
IMDM and washed three times with IMDM to remove excess
CFSE dye before transfer to a 50 mL conical tube filled to the top
with IMDM and used for irradiation at the desired dose on ice.
Irradiated CFSE-labelled parasites were then pelleted and finally
resuspended at 2x105/mL with 1 mL dispensed per well in a 24
well flat-bottomed plate. Cell proliferation was measured using
flow cytometry immediately after staining and every 24 hours
until the culture was overgrown or had stopped dividing. Flow
cytometry data were acquired using the Gallios flow cytometer
(Beckman Coulter, USA) and analyzed with Kaluza software
(Beckman Coulter, USA). Cell populations were gated by
forward and side-light scatter parameters, as shown in
Supplementary Figure 1.

Mouse Infections
In order to observe what role irradiation plays in T. evansi
virulence and infection, four groups of 8-week-old BALB/c
female mice (8 per irradiation dose) were inoculated twice by
intraperitoneal injection using an insulin syringe with 1 ×104 T.
evansi RoTat 1.2 irradiated parasites per mouse resuspended in
50 µl of phosphate buffered saline (PBS). A control group was
also infected with 1 × 104 T. evansi RoTat 1.2 wild type non-
irradiated parasites along with a second challenge control group
that received 50 µl PBS alone. The two inoculations were carried
out at day 0 and day 14. On day 28 post inoculation, surviving
mice were challenged with heterologous 1 × 103 T. evansi Can
86K. A parallel experiment where mice were challenged with
homologous 1 × 103 T. evansi RoTat 1.2 wild type non-irradiated
parasites was also performed. Parasitemia was measured on
alternative days by bleeding from the tail and the survival and
wellbeing of the mice was monitored. Parasite load was estimated
in each inoculated mouse using the rapid matching method as
previously described (60). Blood samples measured for
parasitemia were blinded to the readers. Plasma samples were
also collected from the different groups of mice using
heparinized capillary tubes over the course of infection and
stored at -80°C for further cytokine analysis. Mice were
sourced and housed at the University of Veterinary Medicine
in Vienna. Infection and care of the infected mice was carried out
using protocols approved by the institutional ethics committee of
the University of Veterinary Medicine, Vienna, and the national
authority according to § 26 of the Austrian Law for Animal
Experiments, Tierversuchsgesetz 2012-TVG 2012 under the No.
GZ 68.205/0069-WF/II/3b/2014.

Mouse Bio-Plex Cytokine Assay
A custom 10-plex cytokine assay (Bio-Plex: Bio-Rad, Hercules,
USA) was used to quantify the plasma levels of 10 cytokines in
mouse (Mo) plasma [interferon-gamma (IFN-g), tumor necrosis
factor-alpha (TNF-a), interleukin-1 alpha (IL-1a), IL-1b, IL-4,
IL-6, IL-10, IL-12 (p40), IL-12 (p70) and IL-13] as described by
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the manufacturer. Briefly, a 1 in 4 dilution of plasma collected
from the different groups of mice during inoculation (days 0 to
28) was incubated with beads coupled to monoclonal antibodies
specific for each component of the cytokine panel. Samples were
washed before adding detection antibodies and developed for
reading using the Bio-Plex® 200 suspension array system.
Absolute interleukin concentrations were calculated using Bio-
Plex Manager™ software and samples were analysed using a
one-way ANOVA with Dunn’s Multiple Comparison Test in
GraphPad Prism 5 for each cytokine. Boxplots were generated
using ggplot2 package in R (61).

Trypanosome spp. Whole Transcript Gene
Array Design (TrypMS)
A custom Trypanosome spp. array that covers the genomes of
three trypanosome species, T. brucei, T. evansi and T. congolense
was designed by Affymetrix (Santa Clara, California, USA) with
input from the authors. Briefly, an expression/tilling array
request form for TrypMS (Trypanosoma multi species) was
completed describing features desired according to the
Affymetrix MyGeneChip™ design guide. The request was sent
to the design team along with four Trypanosome genomes
(T. brucei Lister 427, T. brucei TREU 927, T. evansi STIB 805
and T. congolense IL3000). All genomes were downloaded from
the TriTrypDB datadase (https://tritrypdb.org/tritrypdb/app;
accessed on 29.10.2014). A proposal was then prepared by
Affymetrix and confirmed. The final array designed contained
the fully sequenced T. brucei genome as a backbone with selected
T. evansi and T. congolense sequences that do not overlap with
the T. brucei genome. Approximately 94.9% of T. evansi genome
is identical to the reference T. brucei genome (62). A total of on
average 9,300 whole gene transcripts from all three species were
targeted with most having 8 to 25 probe pairs per gene. The array
was produced using the 16 sample arrays per plate format.
Microarray data produced from this experiment is available in
the ArrayExpress database (http://www.ebi.ac.uk/arrayexpress)
under accession number E-MTAB-11705.

Measurements of RNA Abundance Using
the Affymetrix® Whole Transcript Array
TrypMS
In order to characterize irradiated parasites, RNA extracted from
three or more replicates each at 1, 6, and 20 hours after
irradiation at the different indicated doses (0, 100, 140, 200,
and 250Gy) was used for hybridisation onto the TrypMS array.
RNA extraction was carried out using a RNeasy kit (Qiagen,
Hilden, Germany). Extracted RNA was then processed through
several amplification cycles, including first-strand cDNA
synthesis using a poly dT primer, second-strand cDNA
synthesis, in-vitro cRNA (copy RNA) synthesis, and final
second-cycle single strand cDNA synthesis using GeneChip™

WT PLUS reagent kit by Affymetrix. Single strand cDNA
generated was fragmented, labelled, and hybridized to the
Trypanosome spp. whole transcript array before processing
using the Gene Titan® Multi-Channel (MC) instrument from
Affymetrix. Intensity CEL files generated after hybridisation and
Frontiers in Immunology | www.frontiersin.org 4115
scanning were analysed using Affymetrix® Expression console
software and files that passed all quality control parameters were
converted into CHIP files that were subsequently interpreted
using Affymetrix® Transcriptome Analysis Console (TAC3)
Software. Lists of genes were prepared using T. brucei
annotation with figures on fold change (FC), ANOVA p-value
and false discovery rate (FDR) adjusted p-value assigned to each
gene described.

Gene Ontology Analysis
Gene transcript abundance affected by irradiation at different
doses after 6 hours and 20 hours were used to query TriTrypDB
for gene ontology (GO) enrichment data (63). GO enrichment
terms identified were used together with fold changes calculated
from the TrypMS array to calculate a Z score using tools from
GOplot on R (64). The Z score is a value that indicates whether the
GO term associated with a set of genes [biological process (BP)/
molecular function (MF)/cellular components (CC)] is more likely
to be decreased or increased and is calculated as Z = (up - down)/
SQRT (Total) where up and down are the number of assigned
transcripts up-regulated (logFC > 0) or down- regulated (logFC <
0) in the data set, divided by the square root of the total number of
genes associated with the identified GO term. Calculated Z scores
versus -log adj p values were used to make combined bubble plots
(with BP, MF and CC) for 100Gy, 140Gy, and 200Gy at 6 hours
and 20 hours post-irradiation. A GO circle plot for the top 10 GO
enrichment terms with the most significant p values was also
plotted for 100Gy at 6 hours and 20 hours. GO chord plots that
display the relationship between genes and GO terms was plotted
for the ten most significant terms for 100Gy at 20 hours. Gene
ontology analysis and visualization was performed using
customized python codes and the GO plot manual (http://
wencke.github.io/).

Confirmatory Quantitative PCR
Total RNA previously harvested from parasites 1, 6, or 20 hours
after irradiation was used to generate copy DNA (cDNA) using
random hexamer primers and a Superscript II reverse
transcriptase kit (Invitrogen). The synthesized cDNA was used
as a template for confirming fold-changes for 17 downregulated
and 5 upregulated gene transcripts previously identified using the
TrypMS array by relative quantification using TERT as an internal
control as previously described (65). The primer sequences used
for amplification are listed in Supplementary Table 1.
RESULTS

In Vitro and In Vivo T. evansi RoTat 1.2
Irradiated Parasite Dynamics
Our initial experiments were carried out to determine the doses
at which T. evansi parasites survive irradiation but are rendered
non-infectious in a mouse infection model. Parasites irradiated at
doses above 200Gy did not survive post-irradiation and no
cultures were viable after approximately 3 days when irradiated
at 250Gy and on average 24 h at 600Gy (Figure 1). Less than 10%
May 2022 | Volume 13 | Article 852091
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of parasites (1-2 wells per 24 well plate) irradiated at 200Gy
survived 7 days post-irradiation. However, once the parasites
survived the week post-irradiation, they were able to divide
rapidly and reach log-phase growth rates. Close to a half
(43.8%) of the wells plated with parasites irradiated at 140Gy
also survived post-treatment. Parasites irradiated at 100Gy all
survived treatment and apart from a short period of no division
for approximately 48 h, and all wells with parasites, once again,
became viable cultures. The D10 dose value for the irradiation of
the parasites was calculated as 19.83Gy (Supplementary
Figure 2). The 100Gy, 140Gy, and 200Gy irradiated parasites
were selected for further analysis to represent a deeper range of
doses tested (Supplementary Figure 3). A CFSE assay that
measures replication of cells, confirmed our visual observations
Frontiers in Immunology | www.frontiersin.org 5116
by mirroring a similar trend in parasite numbers. Parasites
receiving doses above 200Gy were able to divide two to three
rounds before death. For the doses at 200Gy and below, the
recovery time for irradiated parasites was extended the closer the
dose was to 200Gy before the parasites were capable of
replication (Figure 1).

Irradiated parasites were also used for in vivo studies
(Figure 2). Mice from the group inoculated with parasites
irradiated at 100Gy all succumbed to death after developing
parasitemia levels similar to the control group that received 0Gy
parasites (Figures 1, 2A, C). However, the 100Gy group had a
longer prepatent period than the control group, with parasites
first appearing on day four rather than day two (Figure 2A). The
three mice that developed parasitemia in the group inoculated
TABLE 1 | A comparison of gene transcripts across different doses and time.

Comparison Down Up Total

200Gy (1h vs 6h) 223 261 484
200Gy (1h vs 20h) 179 278 457
100Gy (1h vs 20h) 141 281 422
140Gy (1h vs 20h) 122 259 381
1h vs 20h (all doses) 110 234 344
140Gy (1h vs 6h) 141 184 325
1h vs 6h (all doses) 109 138 247
100Gy (1h vs 6h) 100 134 234
200Gy vs 250Gy 125 71 196
0Gy vs 200Gy 28 134 162
140Gy vs 250Gy 84 57 141
100Gy vs 250Gy 85 46 131
140Gy (6h vs 20h) 3 128 131
0Gy vs140Gy 22 96 118
6h vs 20h 2 114 116
100Gy (6h vs 20h) 4 108 112
200Gy (6h vs 20h) 6 97 103
0Gy vs100Gy 10 85 95
100Gy vs 200Gy 0 47 47
6h (100Gy vs 200Gy) 0 46 46
140Gy vs 200Gy 0 33 33
0Gy vs 250Gy 6 22 28
1h (0 vs 250Gy) 6 22 28
1h (0 vs 200Gy) 8 15 23
20h (100Gy vs 200Gy) 0 18 18
1h (100Gy vs 250Gy) 2 11 13
6h (140Gy vs 200Gy) 0 8 8
1h (140Gy vs 250Gy 1 6 7
1h (0 vs140Gy) 2 4 6
1h (0 vs 100Gy) 2 3 5
1h (100Gy vs 200Gy) 2 2 4
100Gy vs 140Gy 0 4 4
20h (100Gy vs140Gy) 0 3 3
1h (140Gy vs 200Gy) 1 1 2
1h (100Gy vs 140Gy) 1 0 1
20h (140Gy vs 200Gy) 0 1 1
6h (100Gy vs 140Gy) 0 1 1
1h (200Gy vs 250Gy) 0 0 0
Interaction (1h and 6h vs 100Gy and 200Gy) 47 5 52
Interaction (1h and 20h vs 100Gy and 200Gy 22 6 28
Interaction (6h and 20h vs 100Gy and 200Gy) 8 10 18
Interaction (1h and 6h vs 140Gy and 200Gy) 14 1 15
Interaction (1h and 20h vs 100Gy and 140Gy) 7 4 11
Interaction (1h and 6h vs 100Gy and 140Gy) 9 1 10
Interaction (6h and 20h vs 140Gy and 200Gy) 2 4 6
Interaction (6 and 20 vs 100Gy and 140Gy) 2 2 4
Interaction (1 and 20 vs 140Gy and 200Gy) 3 0 3
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using 140Gy irradiated parasites had an even longer prepatent
period with infection first observed after day eight when
compared to both 0Gy and 100Gy groups at two and four
days, respectively. One of the mice in the 140Gy group showed
parasitemia only after the second inoculation and thereafter
quickly succumbed to infection (after day 21, Figure 2A). All
other inoculated mice did not develop any detectable parasitemia
even after homologous challenge (results not shown).
Heterologous challenge, however, resulted in parasitemia in all
groups. The remaining five mice in the 140Gy group developed
parasitemia and succumbed much faster than the remaining
200Gy and 250Gy inoculated groups (Figures 2B, C). The two
groups of mice inoculated with 200Gy and 250Gy irradiated
parasites did not show any significant difference compared to the
PBS inoculated challenge control group. Plasma samples
collected from mice during inoculation revealed that the
200Gy inoculated group displayed statistically significant
depressed levels of IFNg, IL10, IL12b, IL13, IL1b, IL4, when
compared to control mice (0Gy, Figure 3). The group of mice
inoculated using 100Gy irradiated parasites showed similar
cytokine levels as the control mice, apart from where levels
were significantly higher when compared to groups inoculated
with 140Gy and 200Gy irradiated parasites for IL12a and IL6 in
the group inoculated with 200Gy irradiated parasites (Figure 3).

Gene Transcript Abundance Is Dependent
on and Differentially Affected by the
Irradiation Dose Applied
Parasites analysed for differential gene transcript abundance after
irradiation treatment could only be reliably deciphered after
Frontiers in Immunology | www.frontiersin.org 6117
RNA was extracted 6 hours and 20 hours post-irradiation. This
was clear after principal components analysis (PCA) of RNA
isolated from irradiated parasites processed using TrypMS
(Figure 4A). All 20 hour and 6 hour delay extracted samples
clustered individually and separately from 1 hour delay and non-
irradiated 0Gy extracted samples clustered close to each other.
Hierarchical clustering of differentially transcribed RNA from 1
hour, 6 hour and 20 hour delay samples separated accordingly as
displayed (Figure 4B). Samples from the non-irradiated group
(0Gy) were used as the baseline for hierarchical clustering.

Further transcriptional analyses of the samples irradiated at 6
hours and 20 hours revealed a higher total number of differential
gene transcripts at 20 hours when compared to 6 hours for
100Gy and 140Gy irradiated parasites (Figure 5A). For 100Gy
irradiated parasites, 134 and 281 gene transcripts were
upregulated whereas 100 and 141 were downregulated at 6
hours and 20 hours, respectively. At 140Gy irradiation, 184
and 259 were upregulated and 141 and 122 were
downregulated at 6 hours and 20 hours, respectively.
Interestingly, 200Gy irradiated parasites showed a reduced
number of differential gene transcripts with 261 and 278
upregulated and 223 and 179 downregulated at 6 hours and 20
hours, respectively. In addition, the fold-changes observed at 20
hours were higher in upregulated transcripts when compared to
those downregulated for 200Gy irradiated parasites (Figure 5B).
The calculated individual FDR p values also tended to be more
significant in the upregulated genes (Figure 5B).

When a comparison between 20 hours and 1 hour post-
irradiation samples was made, 41.6% of all differential gene
transcripts were shared between 100Gy, 140Gy, and 200Gy
FIGURE 1 | In-vitro growth analysis of irradiated parasites. Parasites irradiated at different doses were observed over a 7-day period post-irradiation and 200Gy was
identified as the maximum dose applicable. Percentage survival was calculated from the number of wells containing parasites that survived in a 24 well plate. A
parallel plate was used to measure replication of parasites labelled with CFSE, which halves in concentration with each doubling of parasites. Eight female BALB/c
mice per group were each inoculated with 1 x 104 parasites irradiated with doses ranging from 600Gy to 100Gy and a control group received 1 x 104 non-irradiated
parasites. Surviving mice were further challenged with 1 x 103 of either homologous T. evansi RoTat 1.2 or heterologous Can 86K strains.
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FIGURE 2 | In-vivo characteristics of irradiated parasites at different doses. (A) Parasite counts in mice that developed an infection after inoculation with T. evansi
RoTaT1.2 irradiated parasites on days 0 and 14 (↑) are plotted. Mice in groups inoculated with either 0Gy or 100Gy irradiated parasites all developed parasitemia
although with a delayed prepatent period at day 4 for mice inoculated with 100Gy irradiated parasites. Only three mice in the group inoculated with 140Gy irradiated
parasites were infected with parasites first appearing at day 9. (B) Parasite counts in mice that developed an infection after heterologous challenge with T. evansi
Can 86K on day 28 (↑). (C) Kaplan Meier survival analysis shows a 15-day gap between mice inoculated with 0Gy and 100Gy irradiated parasites and the remaining
5 mice in the group inoculated with 140Gy irradiated parasites succumbing faster to heterologous challenge on day 28 compared to the remaining groups.
FIGURE 3 | Cytokine dynamics in mice immunized using irradiated parasites. Ten different cytokines were measured through the course of inoculation and
challenge. Mice inoculated with 200Gy irradiated parasites had significantly lower levels of IFNg, IL10, IL12b, IL13, IL1b and IL4 when compared to 0Gy (*). IL12a
and IL6 were significantly lower when comparing 200Gy to 100Gy irradiated parasite inoculation (*). Significantly lower IL10, IL12a and IL12b were also observed in
mice inoculated with 140Gy irradiated parasites (*). Analyses were calculated using one-way ANOVA for each cytokine, *p < 0.01.
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(ABC; 259 genes on Venn diagram) (Figure 5C). Other common
differential gene transcripts were observed between
140Gy:100Gy (AB), 200Gy:100Gy (AC), and 200Gy:140Gy
(BC) of 25, 36, and 59 respectively. The different doses also
had unique differential gene transcripts with 102 for 100Gy, 38
for 140Gy, and 103 for 200Gy irradiation samples. An exhaustive
comparison between differential gene transcripts across different
doses and times post-irradiation is listed in Table 1. All doses
showed a higher total difference at 20 hours apart from 200Gy
which had its peak of differential expression at 6 hours.
Interactions between different doses at different times post-
irradiation were highest between 100Gy and 200Gy (Table 1).
Gene lists for all doses and times post-irradiation with fold
changes and FDR p values are attached as an excel file in the
supplementary section (Supplementary Table 2). Further
analyses that compared 100Gy- to 200Gy-irradiated parasites’
differential gene transcripts between 1 hour and 20 hours is
provided in Supplementary Table 4. A delta fold change that
describes the transcript concentrations of the affected transcripts
at ±1.5-fold change was calculated to identify which genes
rebound at 20 hours after irradiation between the two
representative doses. A total of 75 genes had a + delta
difference of 1.5 to 4.32, whereas 157 transcripts had a delta
fold change of -1.5 to -3.27. A positive delta fold change
designates a higher transcript concentration at 100Gy than
200Gy at 20 hours and inversely for a negative delta fold
change (Supplementary Table 4).

In order to confirm the integrity of the TrypMS array, a
confirmatory qPCR was performed on the same source of RNA
used on the array (Figure 6). The targets chosen at 100Gy,
140Gy, and 200Gy irradiation had similar profiles with 17
Frontiers in Immunology | www.frontiersin.org 8119
downregulated and 5 upregulated genes in all three irradiation
doses. The non-irradiated group (0Gy) was used as the baseline
to calculate fold-change (Figure 6).

The Effect of Irradiation on Gene Ontology
Although the number of differential gene transcripts at all three
doses was similar, ranging from 484 to 234 genes for 200Gy at 6h
and 100Gy at 6h, respectively (Table 1), the effect on GO term
enrichment was dramatically different both in the composition of
GO terms affected and the significance in Z score (Figure 7). At
6h post-irradiation at 100Gy, GO terms associated with DNA
packaging, chromatin assembly, and nucleosome assembly were
significantly affected by irradiation. All top ten significant GO
terms, except GO:0035328, had a decreasing Z score. A similar
pattern was also observed at 140Gy and 200Gy, although with
lower significance values at 5 logs and 8 logs less, respectively
(Table 2). At 20 hours, GO terms associated with translation,
ribosome structure, and peptide metabolic process feature
prominently with p values 10 logs more significant when
compared to GO terms affected at 6 hours (Figure 7). The GO
terms with significantly adjusted p values associated with 140Gy
at 20 hours are “cell periphery”, “plasma membrane”, “biological
process involved in interaction with host”, “biological process
involved in interspecies interaction between organisms” and
“response to host and response to external biotic stimulus”.
The GO terms with significant p values associated with 200Gy
are “cell periphery”, “nucleoside diphosphate phosphorylation”,
“nucleotide phosphorylation”, “nucleoside diphosphate
metabolic process”, “purine nucleotide metabolic process” and
“purine nucleoside diphosphate metabolic process”. A
comprehensive description of all GO terms with associated
A B

FIGURE 4 | Transcription analysis of irradiated parasites using the TrypMS array. (A) PCA mapping separated samples according to time post-irradiation.
(B) Hierarchical clustering of deferential gene transcripts according to time and further sub clustered using the gene ID. Fold change (FC) cut-off points of > 2
and < 2 were used as the limits for upregulation and downregulation respectively and a gene-level P-value < 0.05.
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gene IDs, logFC, adjusted p values and z scores at different
irradiation doses and times post-irradiation (6 hours and 20
hours) is listed in Supplementary Table 3.

GO circle plots plotted for the ten most significant
enrichment terms for 100Gy at 6 hours shows the associated
GO terms mostly have a decreasing Z score apart from
G0:0035328; “transcriptionally silent chromatin” (Figure 8).
However, at 20 hours post-irradiation, some of the most
significant GO terms have an increasing Z score, e.g.,
“cytosolic ribosome” and “cytosolic large ribosomal subunit”;
G0:0022626 and G0:0022625, respectively. A deeper look at the
GO enrichment terms at 6 hours shows that the processes with
the most significantly adjusted p values identified and most likely
to occur, were all associated with the assembly and packaging of
DNA and chromatin (Table 2). Similar processes were also
found at 140Gy, although not in the top 10 (Supplementary
Table 3). In addition, there were several logs of lower significance
when compared to 100Gy where they featured at the topmost
significant GO terms (Figure 8). The numbers were even lower
when 200Gy was included in the comparison (Table 2). At 20
hours, the list of most significant GO processes changes to
ribosomal structure, peptide metabolic, and peptide
biosynthesis terms (Table 2, lower half). The top GO terms for
100Gy at 20 hours are also 10 logs more significant when
compared to the top 10 terms at 6 hours at p <10-20 versus
p >10-11,respectively. GO terms at 20h for 140Gy and 200Gy
Frontiers in Immunology | www.frontiersin.org 9120
averaging with p > 10-5 and p > 10-3 are more than 20 logs less
significant than the same terms at 20 hours post 100Gy
irradiation (Table 2).

After identifying 100Gy as having a different response profile
from the other doses, we identified the genes associated with the
positive Z score GO terms (implying upregulation) at 6 hours
and 20 hours after irradiation. A chord plot that links GO term to
genes involved was constructed to select the most interactive
genes and associated processes (Figure 9). None of the
upregulated processes at 6 hours post 100Gy irradiation was
associated with more than one gene, whereas a few genes were
involved in multiple processes. For 20 hours, several genes and
processes were associated with more than one entity (Figure 9).
Genes were given a chord plot count ranked according to the
fold-change difference between 6 hours and 20 hours (column 6,
Table 3). Only two genes appeared at both times post-irradiation
in the Z score positive GO terms (Tb927.10.14130 and
Tb927.2.2460; i and ii respectively in Table 3).

DISCUSSION
Previous irradiation studies on trypanosome parasites began in
the late 1960s with initial studies targeting T. b. rhodesiense, the
sub-species responsible for acute trypanosomosis in humans
(37). In the T. b. rhodesiense study, groups of mice were
inoculated with 2 x 106 irradiated parasites per animal using
A B

C

FIGURE 5 | General differences in gene transcript changes according to dose and time post-irradiation. (A) Bar graph showing the ratio of gene transcript
abundance upregulated to downregulated at different doses at 6 and 20 hours post-irradiation. (B) Volcano plot of fold-change (FC) vs false discovery rate (FDR) p
value for 200Gy irradiated parasites at 20h. (C) Venn diagram describing the distribution of 622 differential gene transcripts at 20 hours after irradiation with 259
genes common across all three doses when compared to 1 hour after irradiation, 102, 38 and 103 unique to 100Gy, 140Gy and 200Gy irradiation respectively.
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doses ranging from 100Gy to 1000Gy with some groups
inoculated up to three times before challenge. After one round
of inoculation, only mice inoculated with 100Gy irradiated
parasites were infected and this dose was omitted in
subsequent experiments. Interestingly, groups of mice
inoculated twice with parasites irradiated at 200Gy and 400Gy
had a 77% and 90% survival rate with no further mortalities after
the third inoculation (37). Subsequent experiments using
irradiated T. b. rhodesiense in cattle and rhesus monkeys were
carried out using 600Gy irradiated parasites (38, 39, 44). In the
current study, we used lower numbers of irradiated parasites per
mouse and doubled the period between inoculations assuming
that subsequent inoculations will not boost any undetectable
infections. Similar to the study using T. b. rhodesiense, we also
measured a dose-dependent delay in the prepatent period as the
dose was increased to 200Gy (37). It may be argued that the
number of 200Gy irradiated parasites used to inoculate mice was
too low with only 6.3% of irradiated parasites surviving post-
irradiation but it has previously been shown that as few as 100 -
200 T. evansi parasites are more than sufficient to establish an
infection in female BALB/c mice (66). In addition, PBS control
mice used in the study inoculated with 103 parasites rapidly
developed parasitemia. We therefore hypothesized that surviving
200Gy irradiated parasites in vitro lacked the parasite genes and
processes described in 100Gy as necessary for establishing
disease in vivo. All mice that survived inoculation, survived the
subsequent homologous challenge as expected. This could be
attributed to an efficient humoral response to the same
circulating VSG previously encountered by the mice during
inoculation (67).

Using 140Gy as a representative intermediate dose yielded
interesting results, with two mice developing parasitemia after
Frontiers in Immunology | www.frontiersin.org 10121
one inoculation and a third mouse after the second inoculation.
The surviving five mice quickly developed parasitemia when
compared to the remaining groups after the heterologous
challenge. Previous infection and treatment studies with T.
evansi that measured host responses after heterologous
challenge displayed a prolonged prepatent period and partial
protection in rabbits (68, 69). The contradictory results that we
observed in mice inoculated with 140Gy irradiated parasites
could possibly be explained by the immune- modulating effect
of VSG in surviving mice that make them more susceptible to
subsequent heterologous challenge (70). In the early stages of
infection, carbohydrate moieties associated with soluble VSG
released by circulating parasites induce TNF production by
activated macrophages leading to trypanosome clearance. Dead
parasites expose the VSG lipid moieties which cause
overstimulation and subsequent TNF-mediated chronic
inflammation in the host (70, 71). We speculate that initial
inoculation with 140Gy irradiated parasites behaves similarly
to 100Gy irradiated parasites for the three mice that succumbed
before challenge, with the remaining five mice efficiently clearing
parasites but left with high levels of circulating lipid-associated
VSG. The subsequent heterologous challenge of these mice
progresses similarly to a chronic infection with the new
parasites causing more severe disease in the surviving 140Gy
irradiated parasite-infected mice when compared to the PBS
control group.

Cytokine profiles across the different irradiated parasite
groups were irradiation dose-dependent with 0Gy, 100Gy, and
250Gy consistently producing higher levels of all cytokines apart
from IL1a and TNFa when compared to 140Gy and 200Gy. It
must be noted that the figures plotted are distributed across
different time spans as mice inoculated with 0Gy- and 100Gy
FIGURE 6 | Confirmatory qPCR. Twenty-two genes that were either downregulated (17) or upregulated (5) in all three doses at 20h post-irradiation were amplified
using the same RNA samples that had previously been processed using the TrypMS array.
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irradiated parasites survive for a much shorter period than those
inoculated with 200Gy- and 250Gy irradiated parasites.
Nevertheless, we are still able to estimate the general effect of
irradiation. It was noted that mice inoculated with 140Gy
irradiated parasites displayed a higher standard deviation when
measuring Th1 type responses, mediated by IFNg and TNFa
which are essential when controlling the first peak of infection
(72, 73). The deviation is exacerbated by the three mice that
succumbed to parasitemia during the first peak and did not have
the opportunity for Th2 type responses, mediated by IL10, IL13,
IL4, and IL6 to develop. The mice inoculated using 200Gy
Frontiers in Immunology | www.frontiersin.org 11122
irradiated parasites showed significantly lower values for the
eight cytokines. This is possibly due to the parasites failing to
establish disease since the host innate immunity was sufficient to
clear the non-virulent parasites used for inoculation, especially in
the case of T. evansi where type 1 responses are not required to
control infection (74, 75). It has been well established in multiple
previous studies that the products released by dead and dying
Trypanosomes act as immune stimulators in the mammalian
host (9, 76, 77). Because we inoculated mice with dead parasites
at 250Gy, the products produced by this formulation were able to
elicit high cytokine levels. In mice inoculated with 0Gy and
FIGURE 7 | GO enrichment terms with calculated Z scores plotted against FDR p value at 6h and 20h hours post-irradiation. The number of terms increases
exponentially at 100Gy irradiation after 6h and 20h when compared to 140Gy and 200Gy irradiation with negative log FDR p significance values 10 log higher at
100Gy 20h than 100Gy 6h. Adjusted p values are important as they designate if a process is more likely to occur.
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100Gy, mice were also exposed to these products as the initial
immune Th1 response in inoculated mice killed off circulating
parasites. This trend is however not as clear for 140Gy and
200Gy infected mice where the parasites do not for the most part
establish an infection and do not release high amounts of parasite
products in the host unlike 0-Gy, 100-Gy, and 250Gy
irradiated parasites.

Following the in vivo characterization of 100Gy-, 140Gy, and
200Gy- irradiated parasites in mice, we further characterized the
effect of irradiation on the parasites by measuring the transcript
abundance of different parasite genes using the TrypMS array.
We reasoned that since parasites irradiated at 100Gy successfully
revived in vitro and can infect mice, they were probably able to
Frontiers in Immunology | www.frontiersin.org 12123
quickly repair their damaged DNA and proceed to establish
disease as critical genes required for both processes were still
functional at 6 hours and 20 hours. Furthermore, it was
established that these processes were also present in parasites
subjected to a dose of 140Gy, albeit at a lower significance value.
As the irradiation dose got closer to 200Gy, a much smaller
number of parasites could sufficiently repair their DNA. None of
the genes necessary to establish disease seemed to sufficiently
increase in time to avoid host innate immune responses (21, 78).
It could therefore be assumed that any processes with high
significance at the 200Gy, 20 hour group are not crucial for
establishing disease in mice. In contrast, those at 100Gy, 20 hours
are necessary for the parasites after irradiation. Whereas most
FIGURE 8 | Top 10 most significant GO terms for 100Gy at 6h and 20h post-irradiation. GO circle plots for the top 10 most significant GO enrichment terms with
fold-changes of individual genes taken in account and calculated as Z score at 20h post-irradiation. The height of the inner bar chat designates the significance of
the GO term plotted. Most processes at both periods post-irradiation were down regulated.
TABLE 2 | Comparison of Go Term FDR p values across doses at 6h (top half) and 20h (bottom half) post-irradiation.

GO TERM Description 100Gy Adj p value 140 Adj p value 200Gy Adj p value

GO:0006333 chromatin assembly or disassembly 1.5E-11 2.1E-06 1.6E-02
GO:0006334 nucleosome assembly 1.5E-11 8.4E-06 4.8E-02
GO:0031497 chromatin assembly 1.5E-11 2.1E-06 1.6E-02
GO:0034728 nucleosome organization 2.8E-11 2.8E-06 2.2E-02
GO:0065004 protein-DNA complex assembly 1.4E-10 5.9E-05 1.2E-01
GO:0006323 DNA packaging 1.8E-10 9.8E-06 5.2E-03
GO:0071824 protein-DNA complex subunit organization 3.7E-10 1.6E-05 6.7E-02
GO:0000785 chromatin 1.2E-08 2.5E-05 2.0E-02
GO:0035328 transcriptionally silent chromatin 2.0E-08 2.6E-03 1.4E-03
GO:0031490 chromatin DNA binding 4.7E-08 8.4E-03 2.1E-03

GO:0003735 structural constituent of ribosome 3.5E-25 N/A 1.2E-02
GO:0006518 peptide metabolic process 1.9E-24 1.3E-05 2.8E-03
GO:0022626 cytosolic ribosome 5.9E-24 1.6E-06 2.7E-02
GO:0006412 translation 8.8E-24 4.1E-05 1.0E-02
GO:0043043 peptide biosynthetic process 8.8E-24 4.1E-05 1.0E-02
GO:0043603 cellular amide metabolic process 3.4E-23 3.1E-05 3.2E-03
GO:0043604 amide biosynthetic process 5.0E-23 7.1E-05 7.5E-03
GO:0005198 structural molecule activity 1.9E-21 N/A 4.6E-02
GO:0022625 cytosolic large ribosomal subunit 9.4E-18 3.0E-05 4.0E-02
GO:0005840 ribosome 8.5E-16 2.7E-03 2.7E-01
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eukaryotes control the expression of genes via transcription
initiation sites at the gene level, kinetoplastid gene expression
regulation occurs post-transcriptionally with trypanosome RNA
pol II transcribing poly-cistronic RNA transcripts that are
processed by trans-splicing and polyadenylation to produce
mature mRNA (79, 80). Due to the presence of untranslated
RNA intermediates that exist during transcription, we refer to
differentially regulated transcripts rather than genes because
trypanosome mRNA concentrations do not correlate directly
with the concentrations of protein translated (48). In addition,
the stability, half-life, degradation, length and copy number of a
transcript directly influence on the likelihood of translation (80).
We therefore used a GO term approach that used RNA transcript
levels to identify the most significant processes enriched at
different irradiation doses with a corresponding Z score (64).
As expected, the processes involved with DNA binding and
chromatin assembly were the most important for 100Gy after
6 hours of irradiation, whereas those involved with ribosome
structure and peptide biosynthesis processes at 20 hours. These
processes remained significant for 140Gy irradiation at 6 hours
and 20 hours but not at 200Gy. When looking at the genes
involved in processes with a positive Z score at 6 hours and 20
hours at 100Gy irradiation, most genes identified at 6 hours are
for nucleic acid assembly and repair. However, the transcripts
identified at 20 hours have more varied functions and include
genes such as TPR repeats and Squalene synthase which have
been identified as a virulence factor in bacteria and a drug target
in T. cruzi, respectively (81, 82). Further studies that elucidate the
functions of these genes would help develop a genetically
Frontiers in Immunology | www.frontiersin.org 13124
manipulated, non-infectious parasite that could potentially be
used as a vaccine candidate in the mammalian host as described
in Figure 10. If successful, an effective vaccine that includes
genetically manipulated or irradiated parasites would require
quality control measures to ensure safety due to the emergence of
resistant parasites.

A comparison of gene transcripts from parasites irradiated at
100Gy and 200Gy at 20 hours with a delta fold change of ±1.5
identified eight genes that have been implicated in a study that
described developmental gene regulation events that occur when
non-infectious T. brucei procyclic insect forms in the tsetse gut
and transform first into epimastigotes and subsequently to
mammalian infectious metacyclic parasites in a processes
known as metacyclogenesis (83). Metacyclogenesis in T. brucei
can be replicated in vitro via the overexpression of RNA-binding
protein 6 (RBP6) and has been modified further to skip the
intermediate epimastigote stage by overexpressing either RBP6
with a single point mutation (Q109K), or RNA-binding protein
10 (RB10) in procyclic parasites (84–86). Of the eight transcripts
identified in this study, one was a positive regulator of
metacyclogenesis (Tb927.5.4000; hypothetical protein), and two
were negative regulators (Tb927.10.9550 and Tb927.11.1310;
hypothetical protein and NADH-cytochrome b5 reductase,
putative). The remaining five were considered neutral and not
affected by knocking out RBP6 in T. brucei procyclics (83).
Interestingly, the one positive regulator of metacyclogenesis
had a positive delta fold change of 1.67 signifying a higher
number of copies in parasites irradiated at 100Gy
(Supplementary Table 4).
FIGURE 9 | Chord plots for the positive Z score GO enrichment terms and associated genes at 6h and 20h post 100Gy irradiation. All the processes at 6h and 20h
post-irradiation were plotted with corresponding genes to identify individual genes involved in multiple processes and given a chord plot count i.e., the higher the
count a gene has, the more processes it will be involved with.
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Previous studies using irradiated T. cruzi, a trypanosome
species that is highly resistant to irradiation, compared RNA
transcripts to protein differences and found that both analyses
complemented rather than confirmed each other (48, 49). A
crucial role for the ubiquitin- proteasome system was also
described during the repair process initiated after irradiation
(87). In this study, ubiquitin-conjugating enzyme E2 is
upregulated at both 6 hours and 20 hours post-irradiation at
100Gy. Surprisingly, although upregulated, DNA repair enzymes
(RAD-51, BRCA2, MRE2, TOPO IIIa and RMI1/2) were not seen
to be involved in the initial significant processes after irradiation
(88–91). A more precise method of measuring RNA transcripts
that are targeted for translation in trypanosome species is
ribosome/polysome profiling (92). Ribosome profiling targets
the parasite ‘translatome’ which are ribosome-bound mRNA or
polysome when more than one ribosome is bound to the same
mRNA moiety (93). The method begins with centrifuging a
Frontiers in Immunology | www.frontiersin.org 14125
parasite lysate on a continuous sucrose gradient that separates
polysomes from free mRNA ensuring that only ribosome-bound
RNA is used for deep sequencing analysis. Fragmented unbound
mRNA prepared from the same sample is also sequenced to act
as a ribosome footprint library used to orientate sequenced
polysomes (93). Although more accurate than total mRNA in
terms of what is targeted for expression, it would still be prudent
to analyze mRNA transcript levels to identify which target
species exist in higher concentrations.

A T. congolense RNASeq study that compared parasite gene
profiles during development in two distinct tsetse tissues, the
cardia and proboscis, showed gene enrichment with GO terms
assoc ia ted wi th “quorum sens ing” , “nuc leot ides” ,
“microtubules”, “cell membrane components” and “transport”
in parasites colonizing the cardia (94). These terms were deemed
essential for long non-dividing procyclic forms that colonize in
the gut after a blood feed. Epimastigote and metacyclic forms
TABLE 3 | Genes found in positive Z score GO terms for 100Gy at 6h and 20h post-irradiation.

Gene ID Description Chord plot count 6 vs 1 FC 20 vs 1 FC 6h vs 20h Time FDR

Tb927.10.14130i SRP19 protein, putative 2 1.69 1.77 0.08 2.07E-16
Tb927.11.16730 Dihydrolipoyl dehydrogenase 1 1.81 1.89 0.08 6.75E-18
Tb927.10.11190 tRNA-splicing ligase RtcB, putative 1 1.89 1.82 -0.07 4.44E-26
Tb11.v5.0173 Hypothetical protein, conserved 3 2.01 1.9 -0.11 1.32E-28
Tb927.1.3110 Soluble N-ethylmaleimide sensitive factor (NSF) attachment protein, putative 2 2.03 1.74 -0.29 2.09E-22
Tb927.9.10830 Metal dependent 5’-nucleotidase 13 2.07 1.75 -0.32 1.21E-29
Tb927.8.2100 Vacuolar ATP synthase 16 kDa proteolipid subunit, putative 1 2.43 2.07 -0.36 6.84E-18
Tb927.2.2460ii Ubiquitin-conjugating enzyme E2, putative 3 2.84 2.38 -0.46 6.58E-18
Tb927.1.2985 ER protein Pkr1, putative 2 1.94 1.47 -0.47 4.87E-24

Tb927.8.7120 Squalene synthase, putative 3 -1.07 1.65 2.72 2.32E-08
Tb927.10.8050 TFIIF-stimulated CTD phosphatase, putative 1 -1.13 1.55 2.68 9.61E-08
Tb927.9.10280 Zinc finger CCCH domain-containing protein 48 1 -1.01 1.56 2.57 1.90E-06
Tb927.11.9410 Hypothetical protein 1 1.6 4.16 2.56 2.36E-17
Tb927.11.4440 Hypothetical protein 1 1.05 2.11 1.06 8.32E-17
Tb927.2.5980 Chaperone protein clpb1, putative 2 2.06 2.76 0.7 1.98E-17
Tb927.8.5120 Cytochrome c 3 -5.3 -4.62 0.68 1.51E-34
Tb11.V5.0357 Homocysteine S-methyltransferase, putative 3 1.09 1.76 0.67 7.40E-18
Tb927.11.8470 Zinc finger protein family member, putative 1 1.29 1.83 0.54 7.51E-05
Tb927.11.20730 Glycerophosphoryl diester phosphodiesterase, putative 1 1.36 1.87 0.51 7.19E-17
Tb11.V5.0598 GIY-YIG catalytic domain containing protein, putative 2 1.7 2.05 0.35 3.33E-26
Tb927.3.4170 CRK9-associated protein 2 1.8 2.13 0.33 4.30E-21
Tb927.11.6640 Cytochrome b5, putative 3 1.24 1.37 0.13 0.0302
Tb927.6.5010 Hypothetical protein, conserved 1 1.95 2.08 0.13 6.64E-28
Tb927.8.7820 ‘Cold-shock’ DNA-binding domain containing protein, putative 1 2.18 2.31 0.13 1.92E-21
Tb927.10.14130i SRP19 protein, putative 4 1.69 1.77 0.08 2.07E-16
Tb927.3.2200 TPR repeat, putative 8 1.58 1.66 0.08 7.27E-20
Tb927.4.890 Small nuclear ribonucleoprotein Sm D3 3 1.72 1.76 0.04 5.33E-15
Tb927.7.7380 U6 snRNA-associated Sm-like protein LSm3 3 1.96 2 0.04 2.51E-24
Tb927.10.5610 40S ribosomal protein S9, putative 1 -2.06 -2.04 0.02 1.84E-15
Tb927.10.3500 Splicing factor u2af 65 kDa subunit 4 2.09 2.1 0.01 7.08E-30
Tb927.11.11720 FG-GAP repeat protein, putative 5 1.87 1.86 -0.01 1.25E-23
Tb927.10.6380 Ring finger containing protein 6 1.83 1.81 -0.02 8.22E-17
Tb927.3.3470 Cytochrome b5, putative 4 1.91 1.84 -0.07 2.61E-19
Tb927.11.6500 40S ribosomal protein S21, putative 1 -1.74 -1.85 -0.11 1.35E-16
Tb927.3.2400 Palmitoyl acyltransferase 10, putative 3 2.34 2.22 -0.12 2.70E-25
Tb927.11.740 Eukaryotic translation initiation factor 5A 1 -1.59 -1.95 -0.36 9.17E-17
Tb927.10.6060 Universal minicircle sequence binding protein 2 1 -1.5 -1.89 -0.39 3.73E-10
Tb927.9.8100 Nascent polypeptide associated complex subunit, putative 4 -1.71 -2.1 -0.39 5.61E-24
Tb927.10.6070 Universal minicircle sequence binding protein 1 1 -2.32 -2.76 -0.44 7.22E-24
Tb927.10.5770 Valosin-containing protein 6 -1.59 -2.05 -0.46 1.34E-16
Tb927.2.2460ii Ubiquitin-conjugating enzyme E2, putative 1 2.84 2.38 -0.46 6.58E-18
Tb927.11.16130 Nucleoside diphosphate kinase 1 -1.26 -2.1 -0.84 1.12E-23
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that are found in the insect mouth parts on the other hand
undergo cell division with enrichment terms associated with
“nucleosomes”, “cytoplasm” and “membrane bound organelles”
upregulated in preparation for infection. In addition, many
hypothetical cell-surface proteins that have not been
functionally characterized were also upregulated (94). When
looking at the common terms that were upregulated in both
insect parasite forms, “ribosome”, “cytosolic ribosomal unit”,
“structural constituent of ribosome” and “translation” all
featured prominently, irrespective of the tissue the parasite was
isolated from (94). These terms also feature significantly in the
100Gy irradiated parasites after 20 hours, suggesting that they
are important for constitutive processes in all forms of the
parasites (Table 2). When looking at the most significant
processes with a positive Z score, the terms “mRNA trans
splicing, via spliceosome”, “commitment complex”, “protein
targeting to membrane”, and “protein targeting to membrane”
feature prominently (Supplementary Table 2, circ_100_20
hours), suggesting that these processes are unique to post-
irradiation, damage repaired parasites possibly upgrading these
processes for establishing disease utilizing specific genes
identified and displayed in Table 3.

In summary, we irradiated T. evansi parasites to identify
doses sufficient to produce viable parasites in vitro but are
defective in causing infection in BALB/c mice. with irradiation
Frontiers in Immunology | www.frontiersin.org 15126
doses of 200Gy, 140Gy, and 100Gy producing representative
non-infectious, intermediate, and infectious parasites,
respectively. Interleukin analyses of inoculated mice revealed
that 140- and 200Gy irradiated parasites did not mediate a Th1
response in the host as is expected in regular infection studies.
To further characterize the irradiated parasites, we developed a
multispecies micro-array, TrypMS, to measure mRNA
abundance across the three representative doses at 6 hours
and 20 hours post-irradiation. The information gathered from
TrypMS was then used to calculate Z scores using a gene
ontology approach that measured the enrichment of
processes rather than accessing individual genes. Transcript
fold changes were also compared between 100- and 200Gy
parasites at 20 hours post-irradiation to predict genes that may
be involved in establishing an infection after parasite
irradiation repair. A list of genes from GO processes
upregulated at 20 hours by 100Gy irradiated parasites was
also generated for further study and the pathway to a
functional irradiated vaccine postulated.
DATA AVAILABILITY STATEMENT

Microarray data produced from this experiment is available in
the ArrayExpress database (http://www.ebi.ac.uk/arrayexpress)
FIGURE 10 | Potential pathway to an effective vaccine for T. evansi in livestock. An outline for developing a genetically manipulated and irradiated but metabolically
active vaccine against Trypanosomosis in livestock species. Green signifies areas well studied, green/yellow areas are those that have been attempted, yellow are yet
to be studied. White boxes are areas that are continuously under study that produce new information for vaccine development. All genes identified across doses
were analysed in a matrix that considers the changes in the level of transcription at 100Gy compared to both 140Gy and 200Gy irradiation of T. evansi and
functional analysis using gene ontology enrichment to identify pathways that are affected by low dose irradiation. Further analysis to look at immune functions of
genes identified using gene deletion methods e.g., gene knock-out, RNAi or CRISPR/CAS9. Gene insertion of immune modulation ligands would further enhance
immunogenicity of the whole parasite inoculum before testing in the mammalian host.
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Vienna, Austria, 3 VetFarm Medau, University of Veterinary Medicine Vienna, Berndorf, Austria

In the recent years, safety concerns regarding the administration of probiotics led to

an increased interest in developing inactivated probiotics, also called “paraprobiotics”.

Gamma irradiation represents a promising tool that can be used to produce safe

paraprobiotics by inhibiting replication while preserving the structure, the metabolic

activity, and the immunogenicity of bacteria. In this study, we evaluated the ability

of four strains of lactic acid bacteria (LAB: Lacticaseibacillus casei, Lactobacillus

acidophilus, Lactiplantibacillus plantarum, and Lacticaseibacillus paracasei) in preserving

the metabolic activity and the immune modulation of swine porcine peripheral blood

mononuclear cells, after gamma irradiation or heat inactivation. Our results show that

all four strains retained the metabolic activity following gamma irradiation but not after

heat inactivation. In terms of immune-modulatory capacity, irradiated L. acidophilus and

Lc. paracasei were able to maintain an overall gene expression pattern similar to their

live state, as heat inactivation did with Lc. casei. Moreover, we show that the two

inactivation methods applied to the same strain can induce an opposed expression

of key genes involved in pro-inflammatory response (e.g., IFNα and interleukin-6 for

Lc. casei), whereas gamma irradiation of L. acidophilus and Lc. paracasei was able to

induce a downregulation of the anti-inflammatory TGFβ. Taken together, our data show

that immune modulation can be impacted not only by different inactivation methods but

also by the strain of LAB selected. This study highlights that gamma irradiation harbors

the potential to produce safe non-replicative metabolically active LAB and identifies

immunomodulatory capacities that may be applied as vaccine adjuvants.

Keywords: lactic acid bacteria, gamma irradiation, vaccine adjuvant, immune modulation, metabolic activity
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INTRODUCTION

Most probiotics belong to the group of gram-positive, non-
pathogenic lactic acid bacteria (LAB) (1), which can be found in
different niches (e.g., plants, milk, and gastrointestinal tracts) (2)
and are able to produce large amounts of lactic acid by fermenting
carbohydrates, often linked to health-promoting effects (3).
Bifidobacteria and lactobacilli are among the most extensively
studied probiotic LAB (4, 5). The generic term “lactobacilli”
refers to all genera that were classified as Lactobacillaceae until
a reclassification and introduction of 25 new genera in 2020 (6).
Specifically, some lactobacilli strains, such as the ones evaluated
in this study, Lacticaseibacillus casei, Lactobacillus acidophilus,
Lactiplantibacillus plantarum, and Lacticaseibacillus paracasei,
have been proven to be particularly capable of stimulating
both the intestinal mucosa and the systemic immune response,
thus taking the name of “immunobiotics” (7), showing both
Th1 and Th2 responses (8–10), which undoubtedly represent
remarkable intrinsic adjuvanticity capacities (11, 12). These
immunomodulatory effects are exerted through their interaction
with different types of immune cells, including lymphocytes, NK
cells, and antigen-presenting cells (5, 7). What is intriguing is
the capacity of some LAB to induce a balanced pro- and anti-
inflammatory action (13). This is achieved by the activation of
different pathways leading to a broad and diverse expression of
T helper cell subsets, such as Th1, Th2, Th17, and T-regulatory
(Treg), inducing the production of different sets of cytokines
(14). A broad and diverse immune stimulation is a common
characteristic of vaccine adjuvants (15), and some LAB strains
have displayed a notable potential for their application in several
vaccine formulations (16–18).

Nevertheless, there is an aspect that needs to be considered
and evaluated regarding the administration of probiotics, and
this regards safety; in fact, although many lactic acid bacteria
strains are considered as Generally Recognized as Safe (GRAS),
in the recent years, several potential side effects have been
documented for some strains, including intestinal probiotic
overgrowth, gastrointestinal symptoms (e.g., vomiting, diarrhea,
and nausea), bloodstream infection (e.g., bacteremia, sepsis,
and peritonitis), excess D-lactate production, dysbiosis, and
horizontal gene transfer (19–21). The latter is of particular
concern because it can severely contribute to the diffusion
of antibiotic resistance, already representing a global threat
to human and animal health (22). Considering these factors,
current literature review is fostering a debate on whether
probiotics need exclusively to be “alive” to induce health
benefits to the host organism (23). In fact, more evidence
is emerging that also, nonviable probiotic strains are able to
provide beneficial effects (24). Since most of the live probiotics
ingested are not able to survive the harsh condition of the
stomach and intestine, resulting in a severely affected viability
of these products (25), most of the health benefits related to
probiotics may be attributable to their metabolites and their cell
surface components (24), which would therefore be independent
from whether they are administered live or inactivated. This
noteworthy perspective led to a new interest to explore the
application of the so-called paraprobiotics (also called “ghost,” or

inactivated probiotics) (26), which in addition to being safer (27),
which would have advantages in terms of longer shelf life and
more favorable storage and transport conditions (24), especially
to those areas where strict handling conditions cannot be met
(e.g., developing countries) (23).

Among the different methods of inactivation to generate
paraprobiotics (26, 28), gamma irradiation technology, which is
usually applied to inactivate or sterilize microbes (29), can be
used, at optimal doses, to stop the replication of bacteria and
parasites while preserving their structure and their metabolic
activity (30). This leads to inactivated bacteria which is defined
as “metabolically-active non-replicative,” potentially preserving
all (or most of) the characteristics of the live bacterium while
guaranteeing a high level of safety. Evidence showed that gamma
irradiation successfully protected surface antigens and cell
composition of bacteria compared to other means of inactivation
(e.g., heat treatment) (31). Despite the great potential of this
technology, few studies in the literature explored the application
of gamma irradiation to generate paraprobiotics. Almada et al.
(28), for instance, have explored how different strains of
lactobacilli (and bifidobacteria) display a different degree of
resistance to gamma irradiation, besides investigating several
other aspects, such as cultivability, integrity, and physiology. Raz
and Rachmilewitz (32) indicated how a mix of paraprobiotics
(among which Lc. casei, Lp. plantarum, and L. acidophilus),
obtained by radiation, was more effective in the treatment of
colitis in animal models than those inactivated by heat treatment.
In contrast, according to Kamiya et al. (33), neither gamma
irradiation nor heat inactivation was effective in preserving
the inhibitory capacity on visceral pain induced by colorectal
distension in rats of L. reuteri.

Therefore, in this comparative study, we investigated the
ability of four different LAB strains, irradiated with gamma
rays, inactivated with heat treatment, and in their live form, to
stimulate the immune response of ex vivo porcine peripheral
blood mononuclear cells (PBMCs), by evaluating the gene
expression of 26 immune markers (related to transcription
factors, pathogen recognition receptors, innate and adaptive
immune response) using quantitative real-time PCR. The
application of this panel aims at analyzing the expression of
different immune markers involved in different pathways and
immunological responses at the same time, providing a broader
picture and a more extensive understanding, compared to similar
studies, of the immune modulation exerted by this type of lactic
acid bacteria.

MATERIALS AND METHODS

Preparation of Bacterial Suspensions
A total of four strains of LAB were used for the experiments in
this study: L. acidophilus (L. acidophilus LMG 9433, type strain),
Lp. plantarum subsp. plantarum (Lp. plantarum DSM 20205),
Lc. casei (Lc. casei LMG 6904, type strain), and Lc. paracasei
subsp. paracasei (Lc. paracasei LMG 12586). All cultivation steps
were performed in Lactobacillus broth acc. to De Man, Rogosa
and Sharp (MRS) broth (Merck KGaA, Darmstadt, Germany)
under anaerobic conditions using a jar gassing system (gas
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mixture containing 80%N2, 10%CO2, and 10%H2; DonWhitley
Scientific, West Yorkshire, UK) at 37◦C (LMG 9433) or 30◦C
(DSM 20205, LMG 6904, and LMG 12586). Cell suspensions
for inactivation experiments were produced by transferring 800
µl of an overnight culture of each strain into 80ml of pre-
warmed MRS broth followed by an anaerobic incubation for
24 h. MRS broth was removed by centrifugation at 8,000 × g for
6min and by discarding the supernatant. Bacterial biomass was
washed by two cycles of resuspension of the biomass in 40ml of
sterile phosphate-buffered saline (PBS, Merck KGaA, Darmstadt,
Germany) and subsequent centrifugation as described above. The
resulting supernatants were discarded. Subsequently, based on
ODmeasurements at 625 nm, the samples were diluted with PBS
to reach the target concentration of 108 cfu/ml. The suspension
was centrifuged again using the conditions described above, and
the resulting biomass without supernatant was resuspended in
75% v/v of the original volume of PBS. The remaining 25% v/v
was supplemented with 1M trehalose, resulting in approximately
80ml of bacterial suspension containing 108 cfu/ml. Aliquots
(2.3ml each) of the final suspension were distributed into 32
cryovials and stored at−80◦C until further analysis.

Gamma Irradiation and Heat Inactivation of
LAB Strains
Gamma irradiation was performed at International Atomic
Energy Agency (IAEA) laboratories in Seibersdorf (Austria)
using Cobalt60-source 812 Irradiator from Foss Therapy
Services, Inc (34). About eight doses were used to assess
the D10 dose: 250, 500, 750, 1,000, 1,500, 2,000, 2,500, and
3,000Gy. About 50-ml Falcon conical tubes, containing the
cryovials, were placed inside a 2.5 l Bio-Bottle (Orange Bio-Bottle;
UN Specification Mark: 4GU/Class 6.2) filled with dry ice, to
maintain the frozen state, which was eventually inserted into
the irradiator. Following irradiation, vials were kept at −80◦C
until decimal dilutions of all samples. Controls were streaked on
MRS agar (Merck KGaA, Darmstadt, Germany) and incubated
anaerobically for 72 h to determine viable cell counts in cfu/ml.
Next, the survival fraction percentage of each strain of LAB
was determined against the different irradiation doses tested to
calculate the D10 value.

D10 value is defined as the ability of gamma irradiation
to reduce an exposed microbial population by 90%(one log10)
under standard conditions of time, temperature, and dose.
This value for the different LAB strains was calculated using
the inverse of the slope of the regression lines (−1/slope) of
gamma irradiation dose against survival fraction (log) (35, 36)
using GraphPad Prism version 9.1.2 for (GraphPad Software,
San Diego, California USA, www.graphpad.com). Once the D10
value was assessed, the minimum dose needed for the complete
inactivation of bacteria was determined by multiplying the D10
value × log concentration of the batch. To have a safety margin
and for the easiness of delivering a precise gamma irradiation
dose over multiple experiments, we added 1.5 of D10 dose on
top of the estimated lethal dose and rounded up to the nearest
500Gy. These additional irradiation doses provided were herein
being termed as “safety inhibitory dose (SID).”

A total of three doses of gamma irradiation were used to
assess metabolic activity: a low universal dose to reduce growth
(3,000Gy), a strain-dependent SID, and a high universal dose
(10,000Gy). The procedure described above was then applied
to irradiate LAB at these three doses. Additional samples were
prepared (and aliquoted) as described above, inactivated via heat
treatment at 95◦C for 10min, and finally stored at−80◦C. Colony
counts were done as described above following irradiation at
3,000Gy, SID, 10,000Gy, or after heat treatment.

Metabolic Activity and Membrane Integrity
Metabolic activity of live, gamma-irradiated, and heat-inactivated
bacteria was determined by measuring redox potential (using
the resazurin-based cell-permeable compound Alamar blue)
and by adenosine triphosphate (ATP) production. The Alamar
blue assay was performed using Alamar blue cell viability
reagent (Thermo Fisher: catalog no. DAL1025) according to
the manufacturer’s protocol. Briefly, frozen LAB samples were
thawed andmixed well, and 90µl bacterial suspension was added
to black 96-well assay plates. These plates were incubated at 37◦C
for 15min, and then, 10 µl of Alamar blue solution was added
and was incubated for another 2 h at 37◦C. The metabolic activity
was measured as the fluorescence intensity emitted at 590 nm
(excitation at 560 nm) using amicroplate reader. ATP production
was measured with the BacTiter-GloTM Microbial Cell Viability
Assay (Promega, Madison, WI, United States) according to the
manufacturer’s protocol. Briefly, 100 µl of LAB samples was
added to opaque-walled 96-well plates and were incubated at
37◦C for 15min. Next, 100 µl of BacTiter-GloTM Reagent was
added, mixed, and then incubated at room temperature for 5min
in a shaker. Following the incubation, the luminescence was
measured using a microplate reader. ATP concentrations were
calculated from a standard curve.

Membrane integrity was measured using LIVE/DEADTM

BacLightTM Bacterial Viability Kit (Molecular Probes R©, Grand
Island, NY, United States). This kit contains mixtures of
SYTO R© 9 green-fluorescent nucleic acid stain and the red-
fluorescent nucleic acid stain, propidium iodide. The SYTO 9
stain labels all bacteria in a population while propidium iodide
penetrates only bacteria with damaged membranes. The assay
was performed according to the manufacturer’s protocol with
slight modifications. Briefly, 100 µl of 10-fold diluted samples
was aliquoted into dark 96-well assay plates, and 1 µl of
propidium iodide and SYTO 9 mixture was added and mixed.
After 15min of incubation at 37◦C, plates were read at 485/530
(excitation/ emission) and 485/630 (excitation/ emission). The
membrane integrity was assessed as fluorescence intensity of
SYTO 9/propidium iodide.

Isolation of Swine PBMCs and Their
Stimulation
Blood samples were obtained from healthy adult sows, aged
between 12 and 48 months, raised in the teaching and research
farm of the University of Veterinary Medicine, Vienna, Austria.
Whole blood was obtained by puncture of the jugular vein
with heparinized Primavette R© V Li.-Heparin 10-ml tubes (Kabe
Labortechnik GmbH, Germany). Blood collection and animal
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handling were performed according to the accepted animal
welfare standards (37). None of the animals included in the study
showed any signs of clinical disease. The herd is free of Porcine
Reproductive and Respiratory Syndrome Virus (PRRSV) and the
sows were vaccinated against porcine parvovirus (PPV), porcine
circovirus type 2 (PCV-2), and Erysipelothrix rhusiopathiae. The
blood collection was approved by the University of Veterinary
Medicine Vienna’s Ethics and Animal Welfare Committee and
the Austrian Ministry of Research and Science’s Advisory
Committee for Animal Experiments (BMBWF-68.205/0192-
V3b/2018). Swine PBMCs were isolated and handled as described
previously for other species (38). Briefly, fresh blood was first
carefully layered over Ficoll-Paque PLUS (Sigma) in a 50-
ml Falcon conical tube. Successively, PBMCs were isolated by
density gradient centrifugation for 35min at 800 × g at 20◦C,
allowing the collection at the plasma/Ficoll interface using a
Pasteur pipette, and washed three times with PBS to remove
the platelets and cell debris. PBMCs were then resuspended
in complete medium containing RPMI 1640, 10% fetal bovine
serum (FBS), and a solution containing penicillin, streptomycin,
and amphotericin B (Antibiotic-Antimycotic, Thermo Fisher
Scientific) at a concentration of 10× 106 cells/ml. Following, cells
were incubated at 37◦C in an atmosphere of 5% CO2 for 2 h to
remove any contaminating bacteria or molds. Next, antibiotics
and antimycotic were removed with two washing cycles using
only medium (RPMI 1640), centrifuging at 1,500 rpm at 4◦C for
7min. The resulting cell pellet was resuspended using antibiotic-
free medium (RPMI 1640, 10% FBS) at a concentration of 4 ×

106 cells/ml, and aliquots of 5ml per well were distributed in
6-well plates. Next, PBMCs were incubated without (negative
control) or with 50 µl of either live, gamma-irradiated, heat-
inactivated LAB or various stimulation cocktails as positive
controls (concanavalin A or phorbol 12-myristate13-acetate and
ionomycin or pokeweed mitogen) at a concentration described
previously (38). In each single experiment, PBMCs from one
animal were stimulated with all the strains selected (and with
various treatments), and the procedure was replicated for each of
the five animals. During preliminary experiments, two amounts
of LAB stimulation were tested (50 and 250 µl) which showed no
difference in immune modulation (data not shown). After 16 h
of incubation, PBMCs were harvested and washed with PBS, and
resulting cell pellet was resuspended in 700 µl of RLT buffer and
stored at−80◦C.

Quantitative Expression Analysis by
Quantitative Real-Time PCR
RNA extraction of the samples was performed using Direct-Zol
RNAMiniprep Plus (ZYMO Research). All steps were performed
at room temperature and centrifugation at 10,000 × g for 30 s.
First, an equal volume (700 µl) of ethanol (95–100%) was added
to a sample lysed in RLT buffer and mixed thoroughly. The
mixture was transferred into a Zymo-SpinTM IIICG Column2 in
a collection tube and centrifuged. The column was transferred
into a new collection tube and the flow-through was discarded.
For DNase treatment, 400 µl RNA Wash Buffer was added
to the column and centrifuged. Then, in an RNase-free tube,
5 µl of DNase I (6 U/µl) and 75 µl DNA digestion buffer
were added. After incubation at room temperature (20–30◦C)

for 15min, 400 µl of Direct-zolTM RNA PreWash5 was added
to the column and centrifuged. About 700 µl of RNA Wash
Buffer was then added to the column and centrifuged for 1min
to ensure complete removal of the wash buffer. Eventually, the
mix was transferred to the column into an RNase-free tube.
Finally, 50 µl of DNase/RNase-Free water was added directly to
the column matrix and centrifuged, and the RNA was collected
in a 1.5-ml Eppendorf tube. The quantity and purity of RNA
were assessed using a NanoDrop ND-1000 Spectrophotometer
(Thermo Fisher Scientific, MA, USA). The A260:280 ratio was
in a range of 2.0–2.2 for all samples, and RNA was resuspended
to a final concentration of 1 µg/µl. Total RNAs from each
sample were reverse-transcribed and treated with RNAse using
the SuperScriptTM III First-Strand Synthesis System using
random hexamer primers (InvitrogenTM, Life TechnologiesTM,
USA) according to the manufacturer’s instruction. Generated
complementary DNA (cDNA) was stored at −20◦C or used
directly for amplification at a working dilution of 1:100 (38).

A panel of 26 immune markers, including 18 cytokines:
tumor necrosis factor alpha (TNFα), interferon alpha (IFNα),
interferon gamma (IFNγ), interleukin (IL)1α, IL6, IL15, IL17,
IL18, IL21, IL1β, IL2, IL23, IL8, IL12β, IL10, IL5, IL13,
transforming growth factor beta (TGFβ) related to Th1, Th2,
Th17, and T regulatory (Treg) responses; two transcription
factor genes: nuclear factor kappa-light-chain-enhancer of
activated B cells (NFKb)50, NFKb65; six pathogen-recognition
receptors: retinoic acid-inducible gene I (RIG-1), toll-like
receptor (TLR)2, TLR3, TLR4, TLR9, cluster of differentiation
163 (CD163), and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) as a housekeeping gene, was generated and used
to evaluate gene expression using quantitative real-time PCR
(Bio-Rad). Primers were either obtained from previous studies
or designed using NCBI-Primer BLAST using targeted swine
genes (Supplementary Table S1). The primers were validated by
melting curve analysis. Quantitative real-time PCR (qPCR) was
performed as previously described (38). Briefly, qPCRs were set
up for diluted cDNA samples (1:100) in a final volume of 20
µl using iQTM SYBR R© Green Supermix (Bio-Rad Laboratories,
Hercules, USA) and primers at 1.25µM concentration. The
qPCR was performed in a CFX96TM Real-Time PCR detection
system (Bio-Rad) with an initial denaturation step of 3min
at 95◦C, followed by 40 cycles of 10 s at 95◦C, 20 s at 59◦C,
and 20 s at 72◦C with fluorescence read during extension. The
melting curves (Tm) of amplicons were analyzed at 65–95◦C
with 0.5◦C increments for every 5 s. Template controls (NTC)
without cDNA template were run in parallel. qPCR for samples
and controls (n = 5) was run in triplicates. Cq values were
noted for further analysis, and the melting temperature (Tm) of
each amplicon was verified for specificity. Analysis to determine
relative gene expression was done using the comparative Ct

(1Ct) method, where the expression of each gene was normalized
to GAPDH as internal gene, and overall fold change of targeted
genes against untreated controls was calculated as 11Ct (39).
The choice of GAPDH as the reference gene was made following
an efficiency test evaluation of five different housekeeping genes
[actin, 18S, GAPDH, cyclophilin, and peptidylprolyl isomerase
A (PPIA)] with the web-based tool RefFinder (40) which,
by integrating the major available computational programs
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FIGURE 1 | Assessment of surviving fraction at increasing irradiation doses and calculation of the D10 value. The four strains of LAB were irradiated with eight

increasing doses of gamma irradiation (250, 500, 750, 1,000, 1,500, 2,000, 2,500, and 3,000Gy) and the surviving fraction of bacteria was enumerated. D10 value of

each strain was calculated using the inverse of the slope of the regression lines (−1/slope) of gamma irradiation dose against survival fraction (log) using GraphPad

Prism 9. D10 values are as follows: 526.2Gy for Lacticaseibacillus casei (A), 661.4Gy for Lactobacillus acidophilus (B), 471.5Gy for Lactiplantibacillus plantarum (C),

and 592.4Gy for Lacticaseibacillus paracasei (D).

(geNorm, NormFinder, BestKeeper, and the comparative Delta-
Ct method), ranked GAPDH as the most stable gene among the
ones evaluated (data not shown).

Statistical Analysis
To compare different treatments on PBMCs, one-way ANOVA
(Kruskal–Wallis test) followed by Dunn’s multiple comparisons
test was performed using GraphPad Prism. Statistically
significant (P < 0.05) gene-expression differences were
graphically represented by a separated scatter graph showing
individual and mean values. Heat maps showing hierarchical
clustering based on one minus Pearson correlation were
generated using the software Morpheus (https://software.
broadinstitute.org/morpheus).

RESULTS

The Irradiation Dose Needed to Inhibit the
Replication Is Strain-Dependent in LAB
In our first experiment, we determined the irradiation dose that
is needed to stop the replication of four strains of LAB, namely,
Lc. casei, L. acidophilus, Lc. paracasei, and Lp. plantarum. This

was done by treating LAB with increasing doses of gamma
irradiation and enumerating the surviving fraction of bacteria.
The D10 values of each strain were calculated, where the D10
value represents the dose of irradiation needed to lower the
concentration of an organism by one log. The results showed
(Figure 1 and Supplementary Figure S1) that the D10 values
assessed were 526.2, 661.4, 592.4, and 471.5Gy for Lc. casei,
L. acidophilus, Lc. paracasei, and Lp. plantarum, respectively;
thus, at concentrations of 109 cfu/ml, the minimum dose needed
for the complete inhibition of replication was estimated as
4,735.8, 5,952. Gy, 5,331.6, and 4,243.5Gy, which were then
rounded up to 5,500, 7,000, 6,000, and 5,000Gy, respectively
(SID; as explained in the M&M). Colony counts confirmed that
there was no growth following treatments at SID, 10,000Gy,
or after heat treatment, whereas at 3,000Gy, all the strains
produced colonies.

Lethal Irradiation Preserves the Membrane
Integrity and the Metabolic Activity in LAB
Since few reports (30, 41) have stated the ability of gamma-
irradiated replication-incompetent bacteria to maintain residual
metabolic activity, an experiment was conducted to assess
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FIGURE 2 | Metabolic activity and membrane integrity. Percentages of redox potential (A), ATP production (B), and membrane integrity (C) of irradiated and

heat-inactivated Lacticaseibacillus casei (pattern-filled), Lactobacillus acidophilus (black), Lactiplantibacillus plantarum (white), and Lacticaseibacillus paracasei (gray)

compared to live bacteria are shown. Mean values derived from triplicates are shown in each graph. Irradiation doses: low (3,000Gy), SID (variable doses according to

the strain), high (10,000Gy); heat treatment: 95◦C, 10min.

whether the LAB strains in our study were able to preserve
metabolic activity in comparison with heat-inactivated and live
(as a calibrator) lactic acid bacteria. To further characterize the
effect of irradiation on the metabolic activity, we irradiated LAB
with three levels of gamma irradiation doses: SID (as stated
above, variable doses for each strain), or lower (low; 3,000Gy),
or higher (high; 10,000Gy) irradiation dose. Different doses of
gamma rays depend on the exposure time of the sample to the
radiation source (60Co). The calculation is based on the absorbed
dose constant, which is related to the decay energy and time of
the radioactive source. For 60Co, it is equal to 0.35 mSv/ (GBq
h) at 1m from the source. This allows the calculation of the
equivalent dose, which depends, as described, on distance and
activity. Therefore, the three doses were delivered by calculating
the exposure time based on the current dose rate (on the day
that irradiation was performed) (34). To characterize treated
LAB, two parameters were measured: metabolic activity (as
redox potential and ATP production) and membrane integrity.
Results suggest that metabolic activity of irradiated LAB was
preserved at all three doses tested (Figure 2), corroborating
the findings of other reports. Interestingly, metabolic activity
was preserved even at higher doses (10,000Gy) of irradiation
despite delivering a dose nearly that of two times the SID.
Surprisingly, we report that the metabolic activity was even
higher following irradiation compared to live bacteria in terms
of redox potential and ATP production. Conversely, heat
inactivation led to less or no metabolic activity post-treatment. In
the case ofmembrane integrity, a parameter that reflects structure

preservation, irradiated LABwere able to preserve the membrane
integrity although less than the live bacteria (as a percentage),
while heat inactivation, as expected, led to a damaged membrane
showing minimum membrane integrity.

Immune Modulation of Swine PBMCs by
Live and Treated LAB
Immune Modulation by Each Live LAB Has Shared

Features but Is Unique to Each Strain
Finally, we investigated whether metabolically active non-
replicative LAB could resemble their live counterparts in
immunomodulatory function. To this end, the expression of 26
immune markers on porcine PBMCs was measured in an in vitro
end-point assay.We first aimed to identify the degree of immune-
modulation similarity among the four strains of LAB that we
investigated in their live form. As shown in Figure 3A, according
to the hierarchical clustering of immune marker expression
heat maps, two disparate similarities were identified. Although
being genetically more similar to Lc. paracasei, Lc. casei showed
similar immune marker expression to L. acidophilus, whereas Lc.
paracasei turned out to be more similar to Lp. plantarum.

Preservation of Immune Modulation Following

Treatment Is More Common With Gamma Irradiation

Compared to Heat Treatment
In a subsequent analysis, we examined how different treatments,
such as gamma irradiation or heat inactivation, could alter
the ability of each LAB strain in modulating the immune
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FIGURE 3 | Heat maps analysis of gene expression regulation of 26 immune markers in porcine PBMCs induced by viable and nonviable lactobacilli. Degree of

similarity based on one minus Pearson correlation hierarchical clustering in the immune modulation exerted by LAB on the up-(red) or downregulation (green) of 26

immune markers in porcine peripheral blood mononuclear cells. This analysis was performed based upon 11Ct differences among the four live lactobacilli strains (A),

and based upon 1Ct differences among PBMCs unstimulated (NC) and stimulated with live, gamma-irradiated, and heat-treated Lacticaseibacillus casei (B),

Lactobacillus acidophilus (C), Lactiplantibacillus plantarum (D), and Lacticaseibacillus paracasei (E). Values in the heat map are mapped to colors using the minimum

and maximum of each row independently.

system in comparison with their live state. Unstimulated PBMCs
were used as the negative control. According to heat map
analysis of global expression of the target immune markers,
heat-treated and live Lc. casei stimulated gene expression in
porcine PBMCs similarly; on the contrary, irradiated Lc. casei
showed less effect in immune modulation, displaying a profile
more similar to the negative control (non-stimulated PBMC)
as shown in Figure 3B. When the expression of each target
gene was examined individually (Figure 4A), heat-treated Lc.
casei induced a significant 2.5-fold downregulation of IFNα

compared to the negative control, whereas irradiated Lc. casei

induced a significant 1-fold upregulation of IL-6 compared to
the untreated.

Heat maps for L. acidophilus (Figure 3C) showed that the
irradiated strain could preserve similar immune-modulatory
characteristics as the live state, whereas heat treatment led to
an immune landscape comparable to the untreated, showing
less or no effect. In terms of individual gene expression,
irradiated L. acidophilus was able to induce a significant 1.5-fold
upregulation of IL-21 and a significant one-fold downregulation
of TGFβ, whereas live L. acidophilus induced a significant one-
fold downregulation of TLR9 expression (Figure 4B).
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FIGURE 4 | Statistically significant fold change differences in gene expression of immune markers in porcine PBMCs. Logarithmic fold change difference in gene

expression comparing individual values (dots) of each animal (n = 5) where blood was collected to isolate PBMCs. Here, we report gene expression showing statistical

significance highlighted by one-way ANOVA analysis, where * (P ≤ 005), ** (P ≤ 0.01), and *** (P ≤ 0.001) were used to express the degree of significance. Gene

expression analysis was performed by comparing unstimulated PBMCs (negative control; black dot) with heat-treated (red dot), gamma-irradiated (blue dot), or live

(green dot) Lacticaseibacillus casei (A), Lactobacillus acidophilus (B), Lactiplantibacillus plantarum (C), and Lacticaseibacillus paracasei (D).

Frontiers in Veterinary Science | www.frontiersin.org 8 May 2022 | Volume 9 | Article 859124138

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Porfiri et al. Immune Modulation by Irradiated Probiotics

Gene expression analysis of the different states of Lp.
plantarum was performed with the same method, showing
similarity in terms of overall immunemarker expression between
the two treatments (irradiation and heat); furthermore, both
treated versions of Lp. plantarum showed similar overall gene
expressions to the untreated cells. Not surprisingly, instead, live
Lp. plantarum seemed to induce a very different stimulation of
gene expression compared to treated strains and to the untreated
samples (Figure 3D). The only significant difference in gene
expression was observed for live Lp. plantarum, which was able
to induce a 1-fold upregulation of IL-23 compared to untreated
PBMCs (Figure 4C).

Finally, the same type of analysis was performed for Lc.
paracasei, showing again that irradiated treatment induced
an overall gene expression of the targeted immune markers
comparable to the strain’s live state. In general, both live and
irradiated Lc. paracasei were unable to stimulate the whole pool
of markers observed for the untreated cells. In contrast, heat-
treated Lc. paracasei induced a very different stimulation of gene
expression compared to the irradiated and live Lc. paracasei and
compared to the untreated samples (Figure 3E). Heat-treated Lc.
paracasei was able to induce a significant one-fold and a 2.5-fold
upregulations of IL-21 and IL-23, respectively, compared to the
untreated samples; instead, live Lc. paracasei was able to induce a
significant two-fold upregulation of IL-6 whereas the irradiated
version induced a significant one-fold downregulation of
TGFβ (Figure 4D).

Taken together these results, as shown in the summary
(Figure 5), the most affected immune markers by the
stimulation of LAB are four pro-inflammatory cytokines
(IFNα, IL-6, IL-21, and IL-23), one anti-inflammatory cytokine
(TGFβ), and a pathogen recognition receptor (TLR9); two
of four LAB strains evaluated in this study were able to
maintain an overall gene expression similar to their live state
(showed also in Supplementary Figures S2–S5) after gamma
irradiation; heat treatment and irradiation of Lc. casei led to
an opposite regulation of key pro-inflammatory cytokines,
such as downregulation of IFNα for heat-treated Lc. casei and
upregulation of IL-6 for irradiated Lc. casei; gamma irradiation
of L. acidophilus and Lc. paracasei led to a downregulation
of TGFβ.

DISCUSSION

This study aimed at investigating the immune-modulatory effects
of gamma irradiated, non-replicative, yet metabolically active
LAB. Our study found that irradiated LAB could preserve
the immune-modulatory blueprint of their live state more
than heat-inactivated bacteria. The end-point gene expression
of a broad array of immune markers expressed by porcine
PBMCs, evaluated by one minus Pearson correlation hierarchical
clustering upon stimulation with irradiated, heat-killed, or
live strains of LAB, provides this evidence. However, being
metabolically active as their live form does not necessarily
implicate similar immune responses when a larger immune
landscape is evaluated.

A total of two out of four strains (L. acidophilus and Lc.
paracasei) were able to induce an overall gene expression similar
to that of live LAB following irradiation inactivation. On the
other hand, we also observed other outputs, such as a higher
degree of similarity between live and heat-killed (Lc. casei)
LAB, or where both treatments led to a similar change in gene
regulation differently from the viable state (Lp. plantarum).
Similar outputs were also observed in other studies (42, 43),
but the type of comparison on immune modulation was either
limited to one single strain of LAB, whenever the aim of the study
was to compare differences induced by the type of treatment,
or to one single type of treatment (heat inactivation) when
assessing strain-dependent effects. In addition, key factors, such
as selection of LAB strain, dose, duration of the stimulation
(incubation), and the number of immune markers evaluated
often vary among different studies, influencing the outcome
of the research. This heterogeneous landscape in terms of
variation contributes to making literature on this topic rather
contradictory and confusing. Considering these aspects, we
decided to adopt a broad approach, by evaluating four different
strains of LAB, with two different methods of inactivation,
assessing the metabolic activity and the immune modulation
based on the expression of 26 immune markers.

We observed an interesting, varied mosaic of statistically
significant differences in the regulation of some of the key genes
involved in immune modulation. This variability can be justified
by the strain-dependent response to inactivation methods among
LAB, as for bacteria in general, documented in previous studies,
especially on radiation resistance (28), structure composition
(31), immune stimulation (25), and adhesion abilities (23), just
to name a few. For example, IFNα, mostly involved in antiviral
activity (44), was downregulated by heat-killed Lc. casei, whereas
IL-6, which is a pivotal pro-inflammatory cytokine responsible
for regulating the immune response, playing a key role in
stimulating B-cell differentiation (45, 46), was upregulated by live
Lc. paracasei and gamma-irradiated Lc. casei. IL-21, another pro-
inflammatory cytokine, which plays a role in Th17 development
[whose modulation seems to play an important role in adjuvant
development (47)], as well as in the proliferation of T cells and
differentiation of B cells into memory cells (48), was found to
be upregulated in both gamma-irradiated L. acidophilus and in
heat-treated Lc. paracasei. Live Lp. plantarum and heat-treated
Lc. paracasei were able to upregulate IL-23, which is one of the
major effector molecules for Th17maturation (49). Both gamma-
irradiated treated L. acidophilus and Lc. paracasei induced
downregulation of the immunomodulatory TGFβ, which is
mainly involved in suppressing T- and B-cell action (50) while
activating Treg cell responses (24). Finally, live L. acidophilus
induced a downregulation of toll-like receptor 9 (TLR9), which
has been proven to be essential for probiotics to exert an anti-
inflammatory effect (51). The variation in the D10 values and
therefore in the dose required to stop the replication depends
on the bacterial titer and on the specific strain, as seen in the
literature (23, 31). Indeed, the individual animal variation could
have masked a better analysis of data in a group of five animals.

Interestingly, we observed that strains, which are more
resistant to gamma irradiation and would therefore require a
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FIGURE 5 | Summary of the immune modulation exerted by immunobiotic and paraprobiotic LAB strains. LAB strains and respective treatments are listed in the first

column. Strains highlighted in bold were able to induce a statistically significant difference in the up- (↑) or downregulation (↓) of the immune markers listed in the first

row. Similarities in overall gene expression modulation, observed in heat maps hierarchical clustering, are indicated by connection lines on the left side of the table.

Solid lines show similarity among different states of the same strain whereas the dashed line shows a similarity among live strains of different genera. * P ≤ 0.05, ** P

≤ 0.01 and *** P ≤ 0.001 were used to express the degree of significance.

higher dose to halt replication (as we showed in the D10 values
of assessment), are more likely to retain characteristics of the
live state. This can be due to the diverse cell surface structure of
the different strains, as it is for instance between L. acidophilus
(coated with S-layer) and Lp. plantarum (un-coated) (52). In fact,
the presence of S-layer proteins on the bacterial surface has been
shown to augment the resistance to gamma irradiation (53), and
we hypothesize that representing the outer layer of protection,
the S-layer could be able to absorb most of the radiation effects
preserving more efficiently the cell wall components responsible
of immune modulation.

The major advantage of irradiation is that strains are
inactivated by irradiation, are unable to reproduce, and are
considered as safe. The inability to replicate impairs the
possibility of mutations. For this reason, we decided to add
an extra dose of irradiation on top of the minimum inhibitory
dose making sure that these bacteria are completely replication-
incompetent. For instance, several pathogenic bacteria, such
as Salmonella or Staphylococcus aureus, have been proposed
as safer vaccines when irradiated than inactivated with other
technologies (54, 55). Ionizing radiation technology, such as
gamma or E-beam irradiation, is able to damage the nucleic
acid of the organism, by inducing polymerization of the DNA
and breaking molecular bonds (56, 57), without affecting cell
functions or the main components of the cells (58) which are
destroyed in other inactivation methods, such as heat treatment.
Irradiated non-replicative lactic acid bacteria share the key
features with both live and heat-treated probiotics. On one hand,

through this technology, LAB can retain cellular membrane
integrity and metabolic activity (in some studies up to 9 days
post-irradiation) similar to live strains. In addition, in some
studies, cells were even able to maintain oxidative function and
protein synthesis. On the other hand, it ensures a high level
of safety by making pathogens unable to replicate, as it also
occurs when inactivated through conventional practices (i.e.,
heat treatment, chemical inactivation). The main disadvantage
of this technology is surely represented by the safety concern
of hosting a radioactive isotope (i.e., cobalt-60) in the facility
(55). To ensure radio- and cryo-protection to the cell wall
of the LAB used for this study, we added trehalose to our
samples prior to irradiation. Our results show that at all
three doses of gamma irradiation (low, SID, and high), the
metabolic activity was preserved, as it was consistent with other
studies (30, 41). Surprisingly, in most of the cases, metabolic
activity after irradiation was even higher than the metabolic
activity of live bacteria in terms of redox potential and ATP
production. Based on the previous studies, where some bacteria
have shown the ability to maintain transcription and translation
processes for a limited time following gamma irradiation (59),
we can hypothesize that the augmented metabolic activity of
irradiated LAB can be seen as an effort performed by the cell
to counteract the damages caused by ionizing radiation. In fact,
according to Acharya et al. (60) and Abomohra et al. (61),
the increased metabolic activity indeed reflects a compensatory
response in cells damaged by gamma irradiation in an effort to
survive. One direct consequence of an upregulated metabolism
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is oxidative stress, and irradiation leads to a significant increase
in reactive oxygen species/reactive nitrogen species (ROS/RNS)
levels. Furthermore, gamma irradiation induces an increased
extracellular release of ATP, which stimulates the production
of ROS via purinergic signaling, leading to the promotion
of intracellular antioxidant production, such as pigments and
proteins, in response to oxidative stress. We also found that
the membrane structural integrity of irradiated LAB is similar
to live cells, but different from heat-treated cells. The reason
behind, as previously described by other reports (31, 62), is
that γ-rays have no impact on membrane lipid profile, nor on
peroxidation events, indicating the plausible preservation of the
membrane-bound proteins.

A positive correlation between the preservation of metabolic
activity after gamma irradiation and immune stimulation
capacity was highlighted in some studies, showing better
immunogenicity exerted by irradiated compared to heat-
inactivated bacteria (41, 63, 64). In addition, studies have
demonstrated that compounds of bacterial cells (e.g., teichoic
acid, cell wall polysaccharides, and exopolysaccharides) are
plausibly the main causative agents for the pro- or anti-
inflammatory effects exerted by these microorganisms (21, 26)
and that the exposure to high temperatures due to the heat
treatment induces denaturation and coagulation of these proteins
(58). This does not imply that an immune-modulatory activity
of heat-treated strains is not expected. On the contrary, studies
have demonstrated that immune modulation can be even more
pronounced (25), but that would differ from the viable state.

In this study, we decided to analyze the gene expression of
a set of 26 immune markers at a precise time point (16 h after
co-incubation), which has been selected also in other studies
(65, 66), representing a “snap-shot” of the immune-modulatory
action, known to be a dynamic process. This study represents
the first screening of the quest for a gamma-irradiated LAB
product, which can potentially be incorporated as a vaccine
adjuvant or immune therapeutic in the future. The intrinsic
immune-modulatory capacity of the LAB combined with the
safety conferred by irradiation may generate a product that can
be broadly applied to the animal health field, beyond the usage
as immune modulators. However, careful strain selection, kinetic

gene expression analyses, and additional in vitro, in vivo as
well as protein arrays are encouraged to further evaluate the
application of irradiated LAB as vaccine adjuvants or immune-
modulatory therapeutics.
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Medicine, Jeonbuk National University, Iksan, South Korea, 6 Department of Radiation Science, University of Science and Technology,
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Salmonella enterica is a leading cause of food-borne diseases in humans worldwide,
resulting in severe morbidity and mortality. They are carried asymptomatically in the
intestine or gallbladder of livestock, and are transmitted predominantly from animals to
humans via the fecal-oral route. Thus, the best preventive strategy is to preemptively
prevent transmission to humans by vaccinating livestock. Live attenuated vaccines have
been mostly favored because they elicit both cellular and humoral immunity and provide
long-term protective immunity. However, developing these vaccines is a laborious and
time-consuming process. Therefore, most live attenuated vaccines have been mainly
used for phenotypic screening using the auxotrophic replica plate method, and new types
of vaccines have not been sufficiently explored. In this study, we used Radiation-Mutation
Enhancement Technology (R-MET) to introduce a wide variety of mutations and attenuate
the virulence of Salmonella spp. to develop live vaccine strains. The Salmonella
Typhimurium, ST454 strain (ST WT) was irradiated with Cobalt60 gamma-irradiator at
1.5 kGy for 1 h to maximize the mutation rate, and attenuated daughter colonies were
screened using in vitro macrophage replication capacity and in vivo mouse infection
assays. Among 30 candidates, ATOMSal-L6, with 9,961-fold lower virulence than the
parent strain (ST454) in the mouse LD50 model, was chosen. This vaccine candidate was
mutated at 71 sites, and in particular, lost one bacteriophage. As a vaccine, ATOMSal-L6
induced a Salmonella-specific IgG response to provide effective protective immunity upon
intramuscular vaccination of mice. Furthermore, when mice and sows were orally
immunized with ATOMSal-L6, we found a strong protective immune response,
including multifunctional cellular immunity. These results indicate that ATOMSal-L6 is
the first live vaccine candidate to be developed using R-MET, to the best of our
knowledge. R-MET can be used as a fast and effective live vaccine development
technology that can be used to develop vaccine strains against emerging or serotype-
shifting pathogens.
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INTRODUCTION

Invasive non-typhoidal Salmonella (iNTS) is a leading cause of
bacterial bloodstream infections in both humans and animals
(1). Salmonella infections commonly result in self-limiting
diarrheal illness that rarely leads to deaths; however, the case
fatality rate increases to 20−25% in infants, elderly, and
immunocompromised individuals (2–5). Recent systemic
analysis reported that iNTS caused an estimated 535,000
illnesses and 77,500 deaths in 2017 (6), particularly in sub-
Saharan Africa, where iNTS is a leading cause of community-
onset bloodstream infection (7–9). In that region, iNTS was the
second most common invasive bacterial disease, following
Streptococcus pneumoniae infection (3, 7, 10). Although
Salmonella can be controlled using antibiotics, an increased
prevalence of multidrug-resistant strains has been reported
over recent decades (11–13). Vaccines can potentially control
the prevalence of Salmonella in both humans and animals (14–
16). There are two possible vaccination strategies (4); vaccinating
high risk groups among humans, such as elderly and/or
immunocompromised adults and (5) mass vaccination to
poultry and pig to prevent transmission of Salmonella to
human via the consumption of Salmonella-contaminated meat.

Approximately 20–36% of Salmonella cases in humans were
linked to the consumption of eggs, poultry meat, and red meats
contaminated with Salmonella (17). At present, there is no
vaccine that directly targets S. Typhimurium in humans, but
several types of vaccines have been introduced to pigs and
chickens (18–20). Surprisingly, the mass poultry vaccinations
carried out in the United Kingdom, which were introduced to
combat Salmonella infections, has dramatically decreased
transmitted illness from 1.6 cases per 1000 persons in 1993 to
0.2 cases per 1,000 persons in 2009 (21). Therefore, vaccinating
economically important animals might be the safest and most
effective strategy to prevent the spread of Salmonella infection
in humans.

Primarily, live attenuated vaccines have been favored because
they elicit both cellular and humoral immunity, which provide long-
term protective immunity (22). To date, several live attenuated
vaccines are available worldwide for use in pig and poultry. In
Australia, there is only one registered, commercially available live
attenuated S. Typhimurium vaccine; it was produced by disrupting
the aroA gene by inserting the Tn10 transposon (23). IDT Biologika
licensed Salmovac440 for chickens and Salmoporc for pigs, which
are auxotrophic Salmonella vaccine strains of both histidine and
adenine (24, 25). Recently, whole genome sequencing (WGS) results
showed that Salmonvac440 was attenuated by only 6 SNPs, and
these mutations dramatically reduced Salmonella virulence (26).
However, the mutations caused by SNPs easily revert and regain
original virulence. To overcome this, a Salmonella vaccine strain
using LMO (Living Modified Organism) is being developed.
CVD1921, which is mutated in both the guaBA genes that are
involved in the biosynthesis of guanine nucleotides, and the clpP
gene affecting flagella expression, was shown to be significantly
attenuated with decreased shedding, systemic spread, and clinical
disease manifestations in the digestive tract of a primate model
(rhesus macaque) (27). Nevertheless, LMO vaccines have not been
Frontiers in Immunology | www.frontiersin.org 2145
approved for use in the farm in many countries due to
environmental contamination risks and transmission of modified
genes to environmental microorganisms.

Spontaneous mutations have been extensively used as sources
of novel genetic diversity for selecting new, improved organisms
(28, 29). However, the appearance of newmutations is a very rare
event in bacteria, because the mutation rate of Escherichia coli is
only 10-3 per genome per generation (30). After Hermann Joseph
Muller first discovered that exposure to high-energy radiation
induces a variety of genetic mutations and can transmit these
new mutations to offspring (31, 32), radiation-induced mutation
breeding is being widely used to generate genetic variability in
various organisms (33). Radiation-induced mutagenesis can be
caused by direct or indirect action on the DNA. In the direct
action method, the radiation penetrates the cell and hits the
DNA causing single-stranded or double-stranded DNA breaks
(34). In the indirect action method, the radiation hits the water
molecules, the major constituent of the cell, and other organic
molecules in the cell, whereby free radicals such as hydroxyl
(HO•) and alkoxy (RO•) are produced. Free radicals are
characterized by an unpaired electron in the structure, which is
highly reactive and reacts with DNA molecules to cause
molecular structural damage (35–37). Chemical mutagens and
ultraviolet rays have been widely used to accelerate the onset of
mutations and develop live attenuated vaccine strains, but SNPs
are the major type of mutations and deletions, and insertions are
limitedly introduced in the genome (37–39). However, radiation
can cause spontaneous DNA mutations including deletions,
insertions, and point mutations. In fact, we first introduced
radiation mutation enhancement techniques (R-MET) to
induce various mutations in cancer targeting Salmonella in our
previous study (40). However, R-MET has not yet been applied
to vaccine development.

In this study, we developed a hyper-attenuated, but
immunologically active Salmonella vaccine strain ATOMSal-L6
by accelerating mutation using gamma irradiation. ATOMSal-L6
is at least 9,961-fold less virulent than its parent strain, but can
enhance both humoral and cellular immune responses, and was
found to confer protective immunity in both mice and porcine
models. In addition, WGS analysis showed that ATOMSal-L6
introduced many SNPs and deletion/insertion mutations. This
newly developed attenuated vaccine strain is a genetically stable
vaccine strain that can potentially overcome the shortcomings of
existing vaccines and can be easily and quickly developed into
bacterial vaccines using radiation.
MATERIALS AND METHODS

Ethics Statement
This study was performed in strict accordance with the
recommendations of the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. All
animal experiments were approved by the Committee on the Use
and Care of Animals at the Korea Atomic Energy Research
Institute (KAERI; approval no. KAERI-IACUC-2020-004,
July 2022 | Volume 13 | Article 931052
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KAERI-IACUC-2021-003) according to accepted veterinary
standards set by the KAERI animal care center. Mice were
euthanized by CO2 inhalation, as specified by the KAERI
Institutional Animal Care and Use Committee guidelines.

Bacterial Strains
S. Typhimurium ST454 (ST WT) was obtained from the Korea
Veterinary Culture Collection (Kimchun, Republic of Korea),
ATOMSal-L6 was derived from ST WT, and gene mutation was
induced by gamma-radiation. Their genome was sequenced
using the PacBio RS II platform (Pacific Biosciences, Menlo
Park, CA, USA) and Illumina Hiseq platform at Macrogen Co.,
Ltd. (Seoul, Republic of Korea). The assembled genome of ST
WT contained two contigs, one circular genome (4,823,318 bp)
and one plasmid (109,428 bp). After complete genome assembly,
BLAST analysis (v2.7.1) was carried out to identify the species to
which each scaffold showed the highest similarity. The best hit
was S. enterica subsp. enterica strain ST1120 (accession
number: CP021909.1).

Mutation Rate Analysis
ST WT was grown in Luria-Bertani (LB; Difco, BD Biosciences,
Franklin Lakes, NJ, USA) broth at 37°C and 200 rpm under
aerobic conditions. The stain attained an optical density (OD600)
of 0.5, exposed to 0.5–3.5 kGy for 1 h at room temperature using
a 60Co-gamma irradiator (point source AECL, IR-79, MDS
Nordion International Co., Ottawa, Canada) at the Advanced
Radiation Technology Institute of KAERI (Jeongeup, Republic of
Korea). The irradiated samples were concentrated and plated on
LB agar plates with 10 mg/mL of kanamycin to select for mutants
that acquired kanamycin resistance, as has been described
previously (41). The overall mutation rate of the population
was calculated using the mean number of mutants.

Macrophage Invasion and
Replication Assay
RAW 264.7 cells were purchased from the American Type
Culture Collection (ATCC, Manassas, VA, USA), and was
grown in high-glucose Dulbecco’s modified Eagle’s medium
(DMEM; Sigma-Aldrich; St. Louis, MO, USA) supplemented
with 10% fetal bovine serum (FBS; Biowest, Nuaillé France), and
1% antibiotics (100 U/mL penicillin and 100 mg/mL
streptomycin; Gibco; Waltham, MA, USA) at 37°C in the
presence of 5% CO2. RAW 264.7 cell (3 x 104 cells per well)
was seeded on 48-well plates (SPL Life Sciences, Pocheon,
Republic of Korea) and incubated for 16 h. Attenuated
Salmonella candidates were cultured in LB at OD600 of 1.0 and
harvested. The strains were treated to RAW 264.7 cells at
multiplicity of infection (MOI) of 10 and incubated for 2 h at
37°CC. The cells were washed with PBS (Welgene, Gyeongsan,
Republic of Korea) thrice and transferred to DMEM
supplemented with 10% FBS and 100 mg/mL of gentamicin to
eliminate extracellular bacteria. After 2 h incubation, the cells
were washed three times with PBS and treated with RIPA lysis
buffer (Sigma) for invasion assay. For replication assay, the cells
were incubated with DMEM supplemented with 10% FBS and 10
mg/mL gentamicin to prevent the leakage of intracellular
Frontiers in Immunology | www.frontiersin.org 3146
bacteria. After 16 h incubation, cells were treated with RIPA
lysis buffer (Sigma). Subsequently, lysis samples were serially
diluted with PBS and spotted on the LB agar plate.

Biochemical Characteristics Analysis
To compare bacterial growth rates with temperature (37°C, 42°C,
and 45°C), overnight cultured STWT and ATOMSal-L6 were re-
inoculated into 150 mL LB medium and the bacterial OD600 was
calculated every 30 min. Overnight cultured ST WT and
ATOMSal-L6 were re-inoculated into 20 mL LB medium at
OD600 of 1.0. Biochemical features of ST454 and ATOMSal-L6
were analyzed using the API ZYM (enzyme activities), API
20NE, and API 50CH (utilization of carbohydrate) kits
(bioMerieux, Inc.; Marcy L Etoile, France) according to
manufacturer’s instructions. In brief, the cultured bacteria were
diluted using the provided medium until adequate turbidity was
attained. Diluted samples were added into the cupules, and
incubated for 48 h at 37°C.

Antimicrobial Susceptibility
Test (MIC Test)
The MIC test was measured the antimicrobial susceptibilities of ST
WTandATOMSal-L6 to kanamycin (KAN, 50mg/mL), tetracycline
(TET, 50 mg/mL), erythromycin (ERM, 150 mg/mL), ampicillin
(AMP, 100 mg/mL), Cefadroxil (CFR, 1 mg/mL), trimethoprim
(TMP, 25 mg/mL), gentamicin (GEN, 0.5 mg/mL), amoxicillin
(AMC, 1 mg/mL), amikacin (AMK, 1 mg/mL), streptomycin (STR,
1 mg/mL), spectinomycin (SPT, 1 mg/mL), lincomycin (LIN, 1 mg/
mL), clindamycin (CLI, 1mg/mL), and tobramycin (TOB,1mg/mL).
Briefly, overnight cultured ST WT and ATOMSal-L6 were re-
inoculated into 30 mL LB medium (1:50 dilution), 100 mL of
diluted sample was added into round bottom 96 well plate (SPL)
with 3-fold diluted antibiotics.

Scanning Electron Microscope Analysis
ST WT and ATOMSal-L6 were fixed with 4% glutaraldehyde
solution at 4°C and kept overnight. After centrifuging, the fixed
samples were washed thrice with PBS and dehydrated using 30,
50, and 70% ethanol sequentially, following which the samples
were dried and coated with gold sputter. The plate was observed
using a JEIL JSM-840 Scanning Microscope (Tokyo, Japan) at the
Seoul National University.

Motility Assay
Motility medium, which was composed of LB supplemented with
0.4% agar (BD) and 1% triphenyltetrazolium chloride (TTC;
Sigma) was poured into the 14 mL round bottom tube (SPL).
Overnight cultured STWT and ATOMSal-L6 were re-inoculated
into 3 mL LB medium at an OD600 of 1.0. The cultured samples
were pierced deeply into the motility medium using the loop
(SPL). The tubes were incubated for 3 days at 37°C.

High-Throughput Sequencing and
Comparative Genomic Analysis
The location of nucleotide substitutions, deletions, and insertions
in the genome of the attenuated strain ATOMSal-L6 was
determined using Illumina HiSeq 2000 (150 bp paired-end)
July 2022 | Volume 13 | Article 931052
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with 825.98–fold coverage. The total length of read bases was
4,088,887,030 bp, which covered 99.98% length of the ST WT
strain. The raw reads from the STWT genome were mapped and
aligned to the reference genome sequence using Burrows-
Wheeler aligner (BWA-0.7.12) and Picard. Next, the genetic
variants were detected using SAMTools (ver. 1.2). All coding
variants were identified based on the open reading frames of ST
WT. The whole-genome sequences of ST WT (ST454) and
ATOMSal-L6 has been deposited in DDBJ/EMBL/GenBank
under the accession number CP098438-CP098439. The
BioProject accession numbers are PRJNA844490, and
PRJNA841760 and the BioSample accession number are
SAMN28818465 and SAMN28614156, respectively.

Mouse and Pig Experiments
The animal housing conditions, which were designed for specific
pathogen-free animals, and the animal experimental design were
approved by the Committee on the Use and Care of Animals at
the KAERI and implemented according to the ethical standards
accepted by the National Health Institute. The ventilated housing
cage (Orient Bio Inc., Seoul, Republic of Korea) was maintained
in an animal biological safety level 2 facility at 22–23°C on a
12 h:12 h light:dark cycle. The cages were covered with high-
efficiency particulate air-filtered micro-isolation lids (Orient Bio
Inc.) in a static airflow environment. Bedding (Beta Chip; Orient
Bio Inc.) at an approximate depth of 1.0 cm was changed weekly.
Irradiated rodent diet food (5053; Orient Bio Inc.) and sterile
water were provided ad libitum through a wire cage top. Five-
week-old male C57BL/6 or BALB/c mice (weight 19–21 g) were
purchased from Orient Bio Inc. Five C57BL/6 mice were
randomly assigned to individually ventilated housing cages and
immunized i.m. or orally thrice at two-week intervals with either
PBS, ATOMSal-L6 (105, 106, 107, 108 CFU/mouse) strain
vaccine. No significant weight loss, mortality, or serious clinical
signs were observed after vaccination. Two weeks after the third
vaccination, blood was collected to measure ST-specific
antibodies, and the spleen was collected to measure ST-specific
T cell responses. To examine the protective efficacy of the
vaccination, mice were challenged i.p. with ST WT (5 × 105

CFU/mouse) two weeks after the third vaccination. Mouse
survival was monitored for 14 days.

All pigs were acclimatized according to the protocols of the
Central Animal Research Laboratory at the Chonbuk National
University (Iksan, Republic of Korea). Pregnant sows were
divided equally into two groups (n=3). All groups were primed
orally during week 8 of pregnancy and boosted orally during
week 11 of pregnancy with approximately 2 × 109 CFU of
ATOMSal-L6. Blood samples were collected from the pregnant
sows in all groups as the same methods mentioned in the
previous study (42) at 0 (prior to priming during week 8 of
pregnancy), 3 (prior to the booster during week 11 of
pregnancy), 5 and 8 (on the day of farrowing) weeks post
prime immunization (PPI). Colostrum samples were collected
from the sows within 4 h after farrowing. In addition, blood
samples were taken from the jugular veins of their suckling
piglets 6 days after birth. Three weeks after the second
Frontiers in Immunology | www.frontiersin.org 4147
vaccination, the sows and piglets were challenged orally with
ST WT (5 × 108 CFU). Survival was monitored for 14 days.

Measurement of Salmonella-Specific
Immunoglobulin Levels
Blood samples from mice and pigs were obtained 14 days after
the last vaccination. Salmonella antigen lysates were prepared as
was elaborated in previous sections. ST WT was grown in LB
broth and harvested at OD600 = 0.8. The pellet was washed with
PBS followed by sonication 30 times for 5 s. Samples were
centrifuged at 13,000 rpm for 10 min at 4°C, and the
supernatants were collected and stored at –70°C. Total protein
concentration was measured using the Pierce™ BCA Protein
Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). To
examine the levels of ST-specific immunoglobulins (Igs),
Salmonella lysate (10 mg/well) was immobilized on 96-well
plates for 16 h at 4°C, followed by blocking with 1% BSA in
PBS. After washing thrice with PBS containing 0.05% Tween-20
(PBS-T; Sigma-Aldrich), serial two-fold dilutions of mouse or pig
serum (100 mL) were added to each well and incubated at 23°C
for 2 h. The plates were washed five times with PBS-T to remove
unbound antibodies, and bound antibodies were detected using
horseradish peroxidase (HRP)-conjugated anti-mouse Igs (anti-
mouse IgM, IgG, IgG1, and IgG2a; 1:5000 dilution in PBS-T;
Sigma-Aldrich) or HRP-conjugated anti-pig IgM and IgA
(1:5000 dilution in PBS-T; Southern Biotech, Birmingham, AL,
USA) for 1 h at room temperature. After washing seven times
with PBS-T, 100 mL of 3,3’,5,5’-tetramethylbenzidine substrate
solution (INTRON Inc., Seoul, Republic of Korea) was added,
followed by incubation for 5–10 min at 23°C. When the color
was sufficiently developed, 50 mL of 2 N H2SO4 stop solution
(Daejung Chemicals; Siheung, Republic of Korea) was added.
The absorbance at 450 nm was measured using an Epoch 2 plate
reader (BioTek).

Splenocytes Analysis by Flow Cytometry
Two weeks after the final immunization, spleens from mice
immunized with either the PBS or ATOMSal-L6 vaccine were
isolated and filtered through a cell strainer (70 µm; SPL). Red
blood cells (RBCs) were lysed with RBC lysis buffer (Sigma-
Aldrich) and washed with RPMI-1640 medium containing 10%
FBS. The cell suspension was seeded into a 48-well plate (2 × 106

cells/well) and stimulated with 10 µg/mL ST WT lysate, 0.5 µg/
mL GolgiStop (BD Bioscience, San Diego, CA, USA), and 0.5 µg/
mL GolgiPlug (BD Bioscience) at 37°C for 12 h. To analyse
Helper T cells, the cells were washed with PBS and stained with a
Live/Dead Staining Kit (L/D; In vivoGen, San Diego, CA, USA),
anti-CD8-FITC (BD Bioscience), and anti-CD4-BV421 (BD
Biosciences) for 20 min at 23°C to stain T cell surface markers.
Cells were fixed and permeabilized using a Cytofix/Cytoperm kit
(BD Bioscience) for 20 min at 4°C, and the intracellular cytokines
were stained with anti-IFN-g-PE (BD Biosciences), anti-IL-5-
APC (BD Bioscience), and anti-IL-17A-PE-Cy7 (BD Bioscience)
for 20 min at 23°C. After staining, the cells were analyzed using a
MACS Quant flow cytometer (Miltenyi Biotec, San Diego, CA,
USA) and FlowJo software (TreeStar, Ashland, OR, USA). For
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further analysis of the multifunctional T cells, the staining was
performed in the same method as was described above. Briefly,
the T cells surface staining antibodies were used with 7-AAD (7-
Amonoactinomysin D; Sigma), anti-CD3e-Alexa Fluro 488 (BD
Biosciences), anti-CD4-BV421 (BD Biosciences), and anti-CD8-
V500 (BD Biosciences) and intracellular cytokines staining
antibodies were stained with anti-IFN-g-PE (BD Biosciences),
anti-TNF-a-APC (BD Bioscience), and anti-IL-2-PE-Cy7
(BD Bioscience).

Adoptive Transfer of Sera, CD4+

or CD8+ T Cells
Individual mouse sera, prepared as described above, were mixed
and 100 mL of pooled sera were administrated i.p. to naïve
C57BL/6 mice (n = 5). Mouse spleen cells were prepared by
passing spleen specimens through a cell strainer (70 µm; SPL),
and red blood cells were lysed with RBC lysis buffer (Sigma-
Aldrich). Splenic CD4+ and CD8+ T cells were separated using
Miltenyi MACS microbeads conjugated with anti-CD4 and anti-
CD8 monoclonal antibodies (Miltenyi Biotec) and a MACS LS
column (Miltenyi Biotec). Isolated CD4+ or CD8+ T cells (5 × 106

cells or 5 × 105 cells/mouse) were administered i.p. to naïve
C57BL/6 mice (n = 5). After 12 h, mice were challenged i.p. with
STWT (5 × 105 CFU/mouse) and mouse survival was monitored
for 14 days.

Statistical Analysis
Data are expressed as the mean ± standard deviation (SD). Data
in the bar and dot graphs between groups were compared using
an unpaired Student’s t-test for normal data distribution or the
Mann–Whitney non-parametric test for abnormal data
distribution using GraphPad Prism (version 7.0; GraphPad
Software, Inc., La Jolla, CA, USA). The survival of mice was
determined using Kaplan–Meier survival analysis, and the
significance of the difference was analyzed using a log-rank test
with GraphPad Prism software. P < 0.05 was considered
statistically significant.
RESULTS

Construction of the Attenuated Salmonella
Strain (ATOMSal-L6) Using R-MET
Radiation mutatin rate was calculated as the rate of generation of
antibiotic resistant before and after irradiation (43). To optimize
the R-MET condition, ST WT (109 - 1010 CFU, A600 = 1.0) was
irradiated with the indicated dose of gamma ray and then plated
on LB agar with or without kanamycin. As was shown in
Figure 1A, the number of ST WT on the LB agar plate
gradually decreased after irradiation, and no colonies were
detected above a radiation dose of 2.5 kGy. In contrast,
kanamycin-resistant mutations were not detected before
irradiation, but were predominantly present at doses between
0.5–1.5 kGy. We compared the ratio of survived viable and
mutated bacteria and selected 1.5 kGy as the optimal radiation
dose, because it gave rise to 0.88 ± 0.18 mutants/1010 CFU. A
Frontiers in Immunology | www.frontiersin.org 5148
schematic procedure for the development of an attenuated
Salmonella vaccine strain is presented in Figure 1B. To
construct an attenuated vaccine strain, the ST WT strain was
exposed to 1.5 kGy g-radiation for 1 h followed by plating on LB
agar. After incubation for at least 2 days at 28°C, unusual shaped
colonies were picked and inoculated into LB broth. This process
was repeated 3 or more times to enrich the mutated strains.
Finally, 30 colonies were selected as the mutant candidates of
ST WT.

The ability of Salmonella to invade and replicate in the
intracellular vacuoles is crucial for the initial stage of an
invasive disease (44). Therefore, we examined the attenuation
of mutant candidates by performing cell invasion and replication
assays and compared them to the ST WT. RAW264.7
monolayers were infected with each mutant strain (ST WT-IR
#) and invasion (2h) and replication (18h) rates were compared
to the ST WT strain (Figure 1C). Most of the selected mutants
showed at least 50% lower levels of invasion and replication
capacity than the parent strain (ST WT). We selected five
mutants. The mutants #8 and #16 had lower levels of
invasiveness (<1%), but higher levels of replication (>25%).
Mutants #17 and #18 had high levels of invasiveness (>40%),
but low levels of replication (<25%). Mutant #29 was chosen as
the control mutant.

To compare virulence, mice (BALB/c; n=5/group) were orally
inoculated with the candidates (STWT-IR #8, #16, #17, #18, #29)
and their colonization in cecum and invasion into the spleen and
mesenteric lymph node (mLN) were counted 1 day post infection
(d.p.i.). Compared to the ST WT, most of the mutants, except
#18, had similar levels of colonization in the caecum, spleen, and
mLN. Mutant #18 did not show significant change in the level of
colonization in the cecum, but showed a significant reduction in
organ invasiveness compared to the ST WT (Figure 1D). No
bacteria were detected in the blood, liver, and lungs (data not
shown). Thus, #18 was possibly the most attenuated mutant
among the selected candidates. To analyze the lethal dose 50
(LD50), mice (n=3/group) were injected with an increasing dose
of #18 or ST WT i.p. LD50 was calculated using “Quest Graph
LD50 calculator”, ST WT was 2.71 × 104 CFU/mouse, while #18
was approximately 2.69 × 108 CFU/mouse, making #18 about
9,961 times less virulent than its parent strain (ST WT);
therefore, #18 was designated ATOMSal-L6 in this study.

Genetic and Biochemical Characterization
of ATOMSal-L6
To confirm the phenotypical stabilization of ATOMSal-L6 strain,
it was sequentially cultured 10 times in LB broth and re-
examined for virulence. When growth rates were compared
with ST WT, ATOMSal-L6 showed a similar growth pattern to
ST WT at 37°C and 42°C, but no growth at 45°C (Figure 2A).
Next, we examined its biochemical characteristics using
Analytical Profile Index (API) analysis (Tables S1–3). The
biochemical profiling of Gram-negative identification (API
20NE) showed no differences; however, esterase (C4) and
several carbohydrates utilization profiled (API ZYM, 50CH)
were slightly different compared to ST WT. For example,
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ATOMSal-L6 fully utilized esterase and carbon sources (L-
arabinose and D-mannose) and showed weak signal at D-
ribose, L-rhamnose, and melibiose, but ST WT did not. We
tested the antibiotic susceptibility of ST WT and ATOMSal-L6
with MIC (Table S4). The MIC of ATOMSal-L6 against KAN,
CFR, TMP, and TOB were same with ST WT. The MIC of
ATOMSal-L6 against TET, ERM, GEN, AMC, AMK, and STR
were 3-fold lower than STWT. TheMIC of ATOMSal-L6 against
AMP, SPT, LIN, and CLI were more than 9-fold lower than ST
WT. These data indicated that ATOMSal-L6 likely loses its
ability to resist antibiotic stress during R-MET process.

To directly visualize the extracellular structure of ATOMSal-
L6, Scanning Electron Microscopy (SEM) was performed
(Figure 2B). Compared with ST WT, ATOMSal-L6 showed no
significant difference in size and shape; however, a higher level of
flagellin was expressed (Figure 2B). To examine whether higher
expression of flagellin affected the motility of ATOMSal-L6, we
performed swarming assay (Surprisingly, even though
ATOMSal-L6 expressed higher flagellin than ST WT, its
Frontiers in Immunology | www.frontiersin.org 6149
motility on semi-solid swarming agar media was generally
lower than that of ST WT (Figure 2C).

The virulence attenuation of ATOMSal-L6 was re-examined
in vitro and in vivo. ATOMSal-L6 or ST WT was added onto
RAW 264.7 monolayers at MOIs of approximately 1, 10, or 100
and their invasion and replication abilities were compared as
above (Figure 2D). As expected, ATOMSal-L6 showed
dramatically reduced invasiveness and replication capacity
compared to ST WT. When mice (n=5/group) were injected
i.p. with ST WT or ATOMSal-L6, all mice infected with ST WT
(105 CFU/mice) died within 5 days post-infection and only 20%
of mice were survived by infecting with extremely high number
of ATOMSal-L6 (109 CFU/mouse), whereas all mice infected
with 1,000-fold higher numbers of ATOMSal-L6 (108

CFU/mouse) exhibited 100% survival for more than 14
days (Figure 2E).

To analyze the location of mutations in ATOMSal-L6, the
complete genome of ATOMSal-L6 was sequenced and compared
to ST WT as a reference genome. As shown in Figure S1A, we
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FIGURE 1 | Construction of attenuated Salmonella vaccine strain using radiation mutation enhancement techniques (R-MET). (A) The radiation dose selection for R-
MET. ST WT was irradiated with high-dose 60Co gamma-ray. The ratio of survived/dead bacteria was evaluated by plating on LB plate (left panel) and mutated
strains were detected by plating on LB plate with 10 mg kanamycin (right panel). (B) Schematic for developing attenuated Salmonella vaccine strains. (C) In vitro
virulence test. Macrophages (RAW 264.7 cells) were infected with ST WT or selected candidates (n=30) at a multiplicity of infection of 10 and bacterial viability was
evaluated at 2 h (invasion; left panel) or 18 h (replication; right panel). Relative invasion and replication fold of candidates were calculated by comparing with ST WT.
Data are representative of three independent experiments and are presented as the mean ± standard deviation. (D) Salmonella colonization in mice organs. BALB/c
mice (n=5) were inoculated orally with 1×108 CFU WT and attenuated candidates (8, 16–18, 29). At 72 hpi, the number of bacteria in the cecum (left panel), mLN
(middle panel), and spleen (right panel) were counted. Data were presented as the mean ± standard deviation. CFU, colony forming unit; WT, wild type; hpi, hours
post-infection; mLN, mesenteric lymph nodes.
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found 137 mutations in ATOMSal-L6 genome, including 6.56%
(n=9) of point mutation (transition and transversion), 90.51%
(n=124) of insertion, and 2.92% (n=4) of deletion. Mutation sites
were designated to the circular form of ATOMSal-L6 genome
(Figure S1B and Table S5). Surprisingly, only 9 mutations were
occurred in A or T nucleotides and the others (n=126) were all
mutated in G and T. Of note, we found that ATOMSal-L6 lost
one bacteriophage located at 3,440,538 bp - 3,481,579 bp
encoded by IS1595 transposase phage genes (gene bank
number = CP098438-CP098439). All these data suggested that
R-MET introduced many mutations and that these mutations
could attenuate its virulence in vitro and in vivo.

High Immune Response by Immunizing
I.M. With ATOMSal-L6 Vaccine in Mice
To determine whether the ATOMSal-L6 could be used as a live
attenuated vaccine, the vaccine efficacy of ATOMSal-L6 was
examined using a mouse model. Mice (n=5/group) were
immunized intramuscularly (i.m.) with 105, 106, or 107 CFU of
ATOMSal-L6 and Salmonella-specific humoral, cellular, and
Frontiers in Immunology | www.frontiersin.org 7150
protective immune response were measured. At 2 weeks after
the last immunization, Salmonella-specific IgM and IgG were
measured with ELISA. As shown in Figure 3A, Salmonella-
specific IgM was significantly increased in all groups, whereas
Salmonella-specific IgG was significantly increased only in the
group immunized with 107 CFU compared to unvaccinated (NT)
group. Furthermore, we found that Th2 response (IgG1) was the
dominant immune response over Th1 (IgG2a) in the group
immunized with 107 CFU (Figure 3B).

Next, since both CD4+ and CD8+ T cells are crucial for
protection against Salmonella infection (45, 46), we evaluated T
cell subtypes induced by ATOMSal-L6 vaccination. Mice (n=5/
group) were immunized i.m. thrice at 2-week intervals, and
single cell splenocytes were re-stimulated with 10 mg of ST WT
lysate, followed by analyzing Th1 (IFN-g-producing CD4+ T
cells), Th2 (IL-5-producing CD4+ T cells), Th17 (IL-17A-
producing CD4+ T cells), and activated CD8+ T cells (IFN-g-
producing CD8+ T cells) using flow cytometry gating, as shown
in Figure S2. The population of Th2 and Th17 cells was not
changed after immunization (data not shown), but significant
A
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FIGURE 2 | Analysis of biochemical and genetic characteristics of ATOMSal-L6. (A) Growth curve of ST WT and ATOMSal-L6 at 37°C, 42°C, and 45°C. (B)
Morphology analysis of ST WT and ATOMSal-L6 using scanning electron microscopy (SEM; left panel). (C) Salmonella motility assay for ST WT and ATOMSal-L6 on
LB containing 0.4% agar and 1% triphenyltetrazolium chloride at 37°C for 3 days. One Salmonella colony on LB agar plate was stabbed once to a depth of ~2 cm in
the middle of the motility agar tube (right panel). (D) In vitro virulence test. Macrophages (RAW 264.7 cells) were infected with ST WT or selected candidates at MOI
= 1, 10, 100, and bacterial viability was evaluated at 2 h (invasion; left panel) or 18 h (replication; right panel). Relative invasion and replication fold of candidates were
calculated by comparing with ST WT. Data are representative of three independent experiments and are presented as the mean ± standard deviation. (E) In vivo
virulence of ATOMSal-L6. C57BL/6 mice (n=5) were infected i.p. with ST WT (105 CFU) or ATOMSal-L6 strain (108, 109 CFU) and survival was monitored for
14 days.
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enhancement of Th1 (IFN-g+ CD4+ T cells) and CD8+ T cells
(IFN-g+ CD8+ T cells) were detected when immunized with 106

or 107 CFU ATOMSal-L6 vaccination compared to the NT
group (Figure 3C).

To investigate whether humoral and cellular immunity
induced by ATOMSal-L6 vaccination could provide a
protective immune response, ATOMSal-L6 (106 CFU)
vaccinated mice (n=5/group) were infected i.p. with ST WT (5
× 105 CFU/mouse) and their survival monitored for 14 days. As
shown in Figure 4A, all unvaccinated mice died at 7 d.p.i,
whereas all vaccinated mice survived more than 14 days. In
addition, ST WT that invaded the spleen or liver were counted at
1 d.p.i (Figure 4B). More than 106 CFU/g of invasive bacteria
were detected in the spleen and liver from unvaccinated mice,
whereas significantly lower number of ST WT were detected in
ones from ATOMSal-L6 vaccinated mice.

To test whether the protective immune response was due to
humoral or cellular immune responses, sera (100 mL/mouse),
CD4+ T cells (5 × 106 cells/mouse), or CD8+ T cells (5 × 105 cells/
mouse) were collected from ATOMSal-L6 vaccinated, or
unvaccinated mice followed by adopted transfer to naïve mice
(n=5/group). After infecting i.p. with ST WT (5 × 105 CFU), all
mice transferred with sera or T cells from unvaccinated mice had
died at 6–7 d.p.i, whereas all mice transferred with sera from
ATOMSal-L6 vaccinated mice survived for more than 14 d.p.i
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(Figure 4C). Although only 40% of the mice that were provided
with CD8+ T cells from ATOMSal-L6 vaccinated mice survived,
it was not significant, but still marginally higher (p=0.1338) than
that of mice transferred with CD8+ T cells from unvaccinated
mice (Figure 4D). We did not observe a significant difference
between CD4+ T cells adopted transferred from different groups
(data not shown). All these data suggested that ATOMSal-L6
provided an effective immune response to protect from
Salmonella infection by activating both humoral and cellular
immune responses.

High Immune Response by Immunizing
Orally With ATOMSal-L6 Vaccine in Mice
Because oral vaccination of live attenuated Salmonella vaccine is
recommended for adult pigs and humans (47, 48), we next
investigated whether ATOMSal-L6 could be used as an oral
vaccine. To examine the virulence of ATOMSal-L6 via oral
vaccination, mice were immunized orally with ST WT or
ATOMSal-L6. No mice died even after oral administration of
107 CFU of ST WT or ATOMSal-L6 (data not shown). When
intestinal inflammation after ST WT infection, we observed
substantial infiltration of immune cells in both the small and
large intestine in the ST WT-immunized group (Figure 5A). No
significant inflammation or damage were observed in the
intestinal tissues of ATOMSal-L6 immunized mice, which
A B

C

FIGURE 3 | Humoral and cellular immune responses induced by i.m. immunization of ATOMSal-L6. C57BL/6 mice (n = 5 per group) were immunized i.m. with 105,
106, or 107 CFU of ATOMSal-L6 thrice at two-week intervals. (A, B) Humoral immune response. Serum levels of Salmonella-specific IgG and IgM were analyzed at 7
days following the last immunization (A). Subclass levels of Salmonella-specific IgG1 and IgG2a were analyzed at 7 days subsequent to the last immunization (B).
Data are representative of three independent experiments and are presented as the mean ± standard deviation. (C) Cellular immune response. Single cell
suspensions of spleen were re-stimulated with 10 mg/mL ST WT lysate for 12 h and ST-specific CD4+ and CD8+ T cells were analyzed. Percentages of activated
CD4+ and CD8+ T cells in spleens of vaccinated mice. Data were presented as mean ± standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001, compared to
unvaccinated mice.
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showed similar results to those observed in the NT group
(Figure 5A). To evaluate whether oral immunization of
ATOMSal-L6 elicited Salmonella-specific immune response,
mice (n=5/group) were immunized orally thrice with 106, 107,
or 108 CFU of ATOMSal-L6, and the humoral and cellular
immune responses were evaluated. Oral ATOMSal-L6
vaccination resulted in a increase in serum Salmonella-specific
IgG, and a s l ight increase in Sa lmone l la - spec ific
IgM (Figure 5B).

We next analyzed the functional composition of Salmonella-
specific single- or multi-functional cellular immune responses
(49). Mice (n=5/group) were immunized orally thrice at two-
weeks interval, following which they were analyzed for
Salmonella-specific splenic CD4+ T cells and CD8+ T cells
using cytometric gating, as shown in Figure S3. Only the 108

CFU ATOMSal-L6 were found to have significantly increased
frequencies of IFN-g+CD4+ (compared to NT group; up to 7.60-
fold, p<0.001) and TNF-a+CD4+ (compared to NT group; up to
2.05-fold, p=0.005), but no changes were found from IL-2+CD4+

T cells. In addition, we found that multifunctional IFN-g+ TNF-
a+CD4+ (compared to NT group; up to 18.15-fold, p=0.007) and
IFN-g+ IL-2+CD4+ (compared to NT group; up to 6.06-fold,
p=0.004) were significantly increased upon oral vaccination.
Similarly, single- and multi-functional CD8+T cells were
significantly increased in the 108 CFU ATOMSal-L6
(Figure 5C). All these data indicated that oral immunization of
live ATOMSal-L6 could induce Salmonella-specific humoral and
cellular immunities.

To evaluate the protective immunity of ATOMSal-L6 oral
vaccination, mice (n=5/group) were immunized orally thrice
Frontiers in Immunology | www.frontiersin.org 9152
with ATOMSal-L6 (108 CFU) at two-weeks interval, followed
by injecting i.p. ST WT (ST454; 5 × 105 CFU). As shown in
Figure 5D, all unvaccinated mice died at 14 d.p.i, but 60% of the
vaccinated mice survived for more than 14 d.p.i. To examine
whether the protective immune response was due to humoral or
cellular immune responses, sera (100 mL/mouse), CD4+ T cells (5
× 106 cells/mouse), or CD8+ T cells (5 × 105 cells/mouse) were
collected from ATOMSal-L6 vaccinated or unvaccinated mice,
followed by adopted transfer to naïve mice (n=5/group). After
infecting with ST WT (5 × 105 CFU), all mice transferred with
sera or T cells from unvaccinated mice died at 6 - 7 d.p.i whereas
80%, 40%, and 20% of the mice transferred with sera (Figure 5E),
CD4+ T cells, and CD8+ T cells (Figure 5F), respectively. All
these data suggested that oral live ATOMSal-L6 vaccine provided
effective immune response to protect from Salmonella infection
by activating both humoral and cellular immune responses.

High Protective Immune Response
by Immunizing I.M. With ATOMSal-L6
Vaccine in Pig
To examine the efficacy of ATOMSal-L6 vaccine (2 × 109 CFU/
pig) in pig model, pregnant sows were immunized orally with
live ATOMSal-L6 twice at three-week intervals. Sera were
collected at 3, 6, and 8 weeks, and Salmonella-specific IgG
antibodies were measured using ELISA. As shown in
Figure 6A, the vaccinated group showed the increase IgG
levels compared to the unvaccinated group. We also collected
colostrum on the day of delivery and observed that Salmonella-
specific IgG and IgA levels were enhanced in the vaccinated
group (Figure 6B).
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FIGURE 4 | Protective immune responses induced by I.M. immunization of ATOMSal-L6. (A, B) Protective immune response. ATOMSal-L6 immunized mice (n=5)
were challenged i.p. with 5 × 105 CFU ST WT strain and survival was monitored for 14 days (A). Protection of Salmonella colonization in mice organs by ATOMSal-
L6 vaccination were measured by counting the number of bacteria in the spleen (left panel), and liver (right panel) (B). Data were presented as mean ± standard
deviation. *P < 0.05, **P < 0.01, ***P < 0.001, compared to unvaccinated mice. (C, D) Protection by the adopted transfer of ATOMSal-L6-vaccinated mice serum
(C) and CD4+ or CD8+ T cells (D) against Salmonella infection. Mice were immunized with ATOMSal-L6 thrice at 14-day intervals. Serum (100 mL) or splenic CD4+ (5
× 106 cells) or CD8+ T cells (5 × 105 cells) from NT or ATOMSal-L6-immunized mice were transferred i.p. into naïve C57BL/6 mice (n=5). At 12 h following
inoculation, mice were challenged intraperitoneally with 5 × 105 CFU ST WT strain. Mouse survival was monitored for 14 days.
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To measure the protective response of ATOMSal-L6 vaccine,
vaccinated sows were orally infected with ST WT (5 × 108 CFU/
pig) and their diarrheic symptoms were monitored for 14 days.
All the vaccinated sows (n=10) were free of diarrheic symptoms,
Frontiers in Immunology | www.frontiersin.org 10153
whereas all the unvaccinated sows had severe diarrhea
(Figure 6C). To determine whether Salmonella-specific
protective antibodies were delivered from the gilt to the piglet,
piglets (n=10) born from vaccinated gilts were infected orally
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FIGURE 5 | Analysis of humoral and cellular immune responses induced by oral immunization of ATOMSal-L6. (A) Safety of ATOMSal-L6 vaccine. Mice were
inoculated orally with 107 CFU of ST WT or ATOMSal-L6. At 3 d.p.i, mice were sacrificed, and small or large intestinal tissue were stained with H&E. (B) Humoral
immune response. Mice (n = 5 per group) were orally immunized with 106, 107, or 108 CFU of ATOMSal-L6 thrice at two-week intervals and sera were collected two
weeks after the last vaccination. ST-specific IgM (left panel) and IgG (right panel) were measured using ELISA. (C) Cellular immune response. Single cell suspensions
of spleen were re-stimulated with 10 mg/mL ST WT lysate for 12 h and ST-specific multifunctional CD4+ and CD8+ T cells were analyzed. The percentage of ST-
specific total cytokine (IFN-g, TNF-a, and/or IL-2)-producing cells among splenic CD4+CD44+ memory T cells (left panel) or CD8+CD44+ memory T cells (right panel).
Pie charts (bottom panel) representing the mean frequencies of cells co-expressing IFN-g, TNF-a, and/or IL-2. The relative amounts of single-, double-, and triple-
functional memory T cells are indicated as pie arcs. Means ± SD (n = 5 mice/group) shown are representative of two independent experiments. *P < 0.05, **P <
0.01, ***P < 0.001, compared to unvaccinated mice. (D) Protective immune response. Mice (n=5) were immunized orally with ATOMSal-L6 (1 × 108 CFU) and
challenged i.p. with 5 × 105 CFU of ST WT strain and survival was monitored for 14 days. (E, F) Protection by the adopted transfer of oral ATOMSal-L6-vaccinated
mice serum (E) and CD4+ or CD8+ T cells (F) against Salmonella infection. Mice were immunized orally with ATOMSal-L6 twice at 14-day intervals. Serum (100 mL)
or splenic CD4+ (5 × 106 cells) or CD8+ T cells (5 × 105 cells) from NT or ATOMSal-L6-immunized mice were transferred i.p. into naïve C57BL/6 mice (n=5). At 12 h
following inoculation, mice were challenged intraperitoneally with 5 × 105 CFU ST WT strain. Mouse survival was monitored for 14 days.
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with ST WT (5 × 108 CFU/pig) and their survival rates were
monitored. As shown in Figure 6D, all piglets from the
unvaccinated gilts had severe diarrhea and died at 7 d.p.i, but
only 30% of piglets born from vaccinated gilts showed lethal and
severe diarrhea at 14 d.p.i. We monitored the surviving piglets
for more than 21 d.p.i and found no severe diarrheic symptoms.
All these data indicated that ATOMSal-L6 could be a safe and
effective live attenuated vaccine in pig.
DISCUSSION

The Salmonella vaccine program in poultry has been successfully
implemented to control the prevalence of human Salmonellosis
in the UK (50, 51), and mass vaccine administration to
economically important animals is considered the best strategy
to prevent transmission of Salmonella to animals and humans.
However, due to the emergence of new serotypes and multi-drug
resistant Salmonella worldwide (12, 52–54), more effective and
broad-spectrum Salmonella vaccines are being developed. Unlike
conventional inactivated vaccines, live attenuated vaccines could
induce life-long immunity through one or two doses by
activating multifunctional cellular immune responses (22, 55,
56). Nevertheless, this type of vaccine has not been widely used
against bacteria because it could cause diseases in
immunocompromised individuals and the vaccine could
potentially re-acquire its pathogenicity by reverting the
mutation (57, 58). In addition, rapidly developing the vaccines
against newly emerging serotypes or new pathogens has proven
difficult. In this study, we introduced a technology to rapidly
develop a live attenuated Salmonella vaccine, ATOMSal-L6,
using R-MET that can be attenuated by accelerating mutation.
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In addition, because R-MET technology can introduce various
forms of mutations (deletion, insertion, SNP), it will be possible
to solve the problem of current live vaccines that re-acquired
pathogenicity by genetic revertant (40, 59, 60).Due to these
mutations, ATOMSal-L6 differed in biochemical properties
from its parent strain. For example, it produces more flagellin
but less mobility, and cannot be grown at high temperatures (45°
C). And it was confirmed that resistance to specific antibiotic
resistance was reduced compared to ST WT. The resistance to
the aminoglycoside antibiotics did not change significantly, but
the resistance to the macrolides antibiotics was reduced more
than 3 times compared to the ST WT. This change in antibiotic
resistance will be a good standard for separating and analyzing
wild-type and vaccine strain in the clinical samples. All these
genetic and biochemical changes might have contributed to the
attenuation and immunological properties of ATOMSal-L6.

To the best of our knowledge, compared to UV radiation and
chemical mutagens, g-radiation has not been widely used to
induce mutations in vaccine industries because it requires a high-
dose radiation facility, and all mutations must be detected and
selected painstakingly at the phenotypic level. However, in recent
years, new and re-emerging infectious diseases have become
prevalent. Using R-MET, which can rapidly and effectively
develop live vaccines, might be more attractive (40). In
addition, recent advances in large-scale genomic analysis
techniques have enabled easy analysis of the effects of radiation
and the location of mutations in the bacterial genome. In this
study, we screened only 30 colonies after irradiation using R-
MET and found several attenuated candidates with significantly
reduced screening times compared to UV or chemical mutagens.
Overall, it took about 4 weeks to develop ATOMSal-L6, as the
colony selection process took about 2–3 days and the in vitro and
in vivo virulence examination took about 2–3 weeks. However,
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FIGURE 6 | Analysis of humoral immune responses induced by immunization of ATOMSal-L6 in swine. Pregnant sows (n = 3 per group) were immunized orally with
2 × 109 CFU of ATOMSal-L6 twice at three-week intervals. Sera were collected two weeks after the vaccination and colostrum was collected on day of delivery. (A)
ST-specific serum IgG and (B) ST-specific colostrum IgG and IgA were measured using ELISA. (C) Sows (n = 10/group; left panel) and (D) piglets (n=10/group; right
panel) born from vaccinated sows were orally challenged with 5 × 108 CFU of ST WT and monitored for diarrhea symptoms and survival for 14 days. **P < 0.01, ***P
< 0.001, compared to unvaccinated group.
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the whole genome sequence with comparative genomics and
genetic stabilization tests are time-consuming, often requiring
several months to complete. Therefore, a systematic process to
speed up these genomic analysis processes must be developed.

Live attenuated Salmonella vaccines must balance attenuation
with immunogenicity. In particular, both CD4+ and CD8+ T cells
are highly associated with protection against early infection of
Salmonella (61). CD4+ T cells might play a central role in
acquired immunity against Salmonella infection and make an
additional important contribution to both CD8+ T cell- and B
cell-immunities. Therefore, live attenuated Salmonella vaccines are
preferred over inactivated vaccines that do not have high T-cell
immunity. Since ATOMSal-L6 induced protection against ST WT
infection by activation of CD4+ and CD8+ T cells in mice, it is a
good vaccine candidate with the balance between high
immunogenicity to enable cellular and humoral immune response
and sufficiently high attenuation of its virulence. Our previous study
showed that inactivated S. Gallinarum activated moderate CD4+

and CD8+ T cell response, but higher Th17 responses (62). It is
known that IL-17, increased by Salmonella infection, stimulates
intestinal epithelial cells to enhance the production of antimicrobial
proteins and chemokines, thereby inhibiting the early invasion of
Salmonella bacteria (63, 64). In contrast, ATOMSal-L6 shows no
induction of Salmonella-specific Th17 response (data not shown)
but does high expression of Salmonella-specific CD4+ and CD8+ T
cells. We therefore speculate that ATOMSal-L6 may have mutated
genes involved in the expression of IL-17-induced antigens during
the R-MET process. Therefore, immunization with inactivated
Salmonella vaccine together or sequentially is another option to
increase ATOMSal-L6 efficacy.

ATOMSal-L6 is the first attenuated Salmonella vaccine strain
developed using R-MET. It is more sensitive to high temperature
and showed lower motility compared to its parent strain. In
addition, we found 8 SNPs, 3 deletions, 60 insertions, and loss of
one bacteriophage upon comparing its genome with its parent
strain. Compared to licensed Salmonella vaccine strains, its
genomic mutations are wide and variable. Although there is no
parent strain for comparison with Salmonella enterica Serovar
Choleraesuis vaccine strain C500 attenuated by chemical
mutation, when compared to another WT SC-B67 strain, it
was deficient in the rpoS gene, a vital transcriptional regulator
playing an important role in Salmonella infection (65).
Salmovac440 developed by IDT Biologika has only 6 SNPs, but
lacks the pathogenic plasmid that encodes a number of virulence
factors (26, 65, 66). Therefore, the attenuation of Salmovac440
may be due to the amino acid biosynthetic system and other
virulence mechanisms involving the lost pathogenic plasmid. In
this study, we did not investigate on the degree to which each of
these mutations in ATOMSal-L6 affected the virulence
attenuation. Thus, to use it as a vaccine strain, accurate
biochemical information of ATOMSal-L6 must be acquired,
and in particular, additional research on the relationship with
the mutation and the virulence must be performed.

In the absence of overt disease, the vaccine strain attenuated
in metabolic gene(s) must be metabolically active to reach
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immune inductive sites and elicit a biologically relevant
protective immunity. However, the hyper-attenuation of
vaccine strains may result in lower virulence and less effective
protective immune responses. Thus, it is necessary to develop a
strain that can moderately reduce virulence and induce
immunity at a level that does not cause disease. For example,
WT05 is the attenuated S. Typhimurium vaccine in which the
aroC gene, involved in aromatic amino acid biosynthesis, and the
ssaV gene, a component of a Type 3 secretion system (T3SS)
apparatus of Salmonella pathogenicity island 2 (SPI-2), are
deleted. However, this vaccine strain was eliminated through
prolonged defecation in healthy volunteers immunized with
WT05, thereby failing the phase 1 clinical trial (67, 68).
LH1160, a phoPQ mutant strain that controls the transcription
of multiple genes necessary for intracellular survival, had been
tested in phase 1 clinical trials, but an unacceptable fever was
reported in two of six volunteers (15, 68, 69). In contrast,
CVD1921, which is mutated in the guaBA genes that are
involved in the biosynthesis of guanine nucleotides and the
clpP gene affecting flagella expression, was revealed to be
notably attenuated with decreased elimination, systemic
spread, and clinical disease manifestations in the digestive tract
of the non-human primate model (rhesus macaque) used (70,
71). Another advantage of R-MET is that it can be applied to
strains that are not sufficiently attenuated to further reduce
pathogenicity, allowing it to be used as a vaccine strain.
Therefore, further attenuation with R-MET can be attempted
in the event of clinically significant safety issues such as those
resulting from the use of WT05 and LH1160. In addition, if
ATOMSal-L6 has not been sufficiently attenuated, R-MET may
be additionally applied. Thus, R-MET will be a very effective and
attractive method for live bacterial vaccine development.
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H9N2 viruses have become, over the last 20 years, one of the most diffused

poultry pathogens and have reached a level of endemicity in several countries.

Attempts to control the spread and reduce the circulation of H9N2 have relied

mainly on vaccination in endemic countries. However, the high level of adaptation

to poultry, testified by low minimum infectious doses, replication to high titers, and

high transmissibility, has severely hampered the results of vaccination campaigns.

Commercially available vaccines have demonstrated high efficacy in protecting against

clinical disease, but variable results have also been observed in reducing the level

of replication and viral shedding in domestic poultry species. Antigenic drift and

increased chances of zoonotic infections are the results of incomplete protection

offered by the currently available vaccines, of which the vast majority are based

on formalin-inactivated whole virus antigens. In our work, we evaluated experimental

vaccines based on an H9N2 virus, inactivated by irradiation treatment, in reducing

viral shedding upon different challenge doses and compared their efficacy with

formalin-inactivated vaccines. Moreover, we evaluated mucosal delivery of inactivated

antigens as an alternative route to subcutaneous and intramuscular vaccination. The

results showed complete protection and prevention of replication in subcutaneously

vaccinated Specific Pathogen Free White Leghorn chickens at low-to-intermediate

challenge doses but a limited reduction of shedding at a high challenge dose.

Mucosally vaccinated chickens showed a more variable response to experimental

infection at all tested challenge doses and the main effect of vaccination attained

the reduction of infected birds in the early phase of infection. Concerning mucosal

vaccination, the irradiated vaccine was the only one affording complete protection from
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infection at the lowest challenge dose. Vaccine formulations based on H9N2 inactivated

by irradiation demonstrated a potential for better performances than vaccines based

on the formalin-inactivated antigen in terms of reduction of shedding and prevention

of infection.

Keywords: H9N2, vaccines, mucosal, subcutaneous, irradiated, formalin-inactivated

INTRODUCTION

Although wild waterfowl are the natural hosts of avian
influenza (AI), H9N2 subtype viruses are relatively uncommon
in wild birds (1). In contrast, H9N2 viruses, following their
initial spread from South East Asia in the late 1990s, have
become globally widespread in poultry over the last two
decades, resulting in great economic losses due to their
high replicative fitness in Galliformes, associated with severe
drops in egg production and moderate mortality, when
exacerbated by other pathogens (2, 3). In addition to the severe
impact on poultry production, H9N2 viruses have also been
implicated in zoonotic transmission to humans, in particular
with people in direct contact with live poultry, remarking
the importance of vaccination in reducing the circulation of
H9N2 viruses, as an indirect measure to prevent zoonotic
transmissions and reassortment events between human and
AI viruses (4–6). Sustained human-to-human transmission of
H9N2 viruses has not been demonstrated, but there is a
piece of scientific evidence that only a few molecular changes
could be needed to achieve transmissibility by respiratory
droplets in humans (7). In addition to the direct involvement
in zoonotic infections, H9N2 viruses have also donated the
internal gene cassette to other AI viruses responsible for
numerous human cases (such as highly pathogenic H5Nx viruses
of the Goose/Guangdong/1996-lineage, H7N9 viruses of the
Anhui/1/13-lineage, and a zoonotic H10N8 virus), often with
fatal outcome (8–10).

There is no widespread consensus on the classification
of H9N2 avian viruses; however, epidemiological and
phylogenetic analyses of the hemagglutinin (HA) gene of
H9N2 influenza viruses revealed that at least two major
different lineages can be distinguished, the American and
Eurasian lineage. The latter can be further divided into the
BJ/94, the Y280/G9, the G1, and possibly a fourth lineage
(unrelated to the previous three) found mainly in turkeys reared
in Europe (11, 12).

Of the different lineages of H9N2, the G1 lineage, first
detected in Hong Kong in 1997 (13) is extremely well adapted
to chicken and has rapidly become endemic in poultry species
after introduction into parts of Asia, the Middle East, India,
Egypt, and Africa (14–17). To control the spread of the
disease and to mitigate the severe economic consequences of
uncontrolled virus circulation, vaccination has been applied
in several endemic countries (17). In regions where these
viruses are endemic, such as Asia and the Middle East,
genetic and antigenic differences, have been observed within
lineages circulating in specific regions (18). The effect of

immune selection pressure exerted by vaccination on AI virus
evolution has been previously demonstrated for H5N1 and
H9N2, showing the rapid emergence of antigenic variants
or selection and expansion of a variant that was present at
a low prevalence when vaccination was initiated (18, 19).
Antigenic drift, in a similar fashion to the antigenic drift
observed in H1N1 and H3N2 seasonal human influenza strains,
has also been observed in regions where vaccination against
H9N2 is common (2).

Vaccines have been used to reduce clinical disease
and lower the burden on the poultry industry; however,
insufficient attention has been focused on the effect
of vaccines on the reduction of viral shedding (2).
Highly effective vaccines, able to provide sterilizing
immunity, could help in reducing the evolutionary
rate and the chances of recombination of H9N2 in
endemic countries.

The gamma-irradiation-mediated killing of viruses was
explored with little success to develop vaccines since the 1950s.
However, a renewed interest in this technology has risen due
to: (a) the invention of newer and safer irradiators that can
deliver high doses, (b) the introduction of radio-protective
compounds that can preserve antigens during irradiation, and
(c) a better understanding of the immune system (20). Despite
the limitations posed by the need of a radioactive source for the
generation of γ-rays, irradiation offers several advantages, mainly
related to the better preservation of the antigenic structure of
the inactivated pathogen. It has been previously demonstrated
that gamma-irradiation-inactivated influenza vaccination in
mice resulted in the development of higher antibody titers
and a broader spectrum of protection against antigenically
different strains compared to a formalin-inactivated influenza
vaccine (21–23). However, to the best of our knowledge,
detailed efficacy data obtained from challenge studies evaluating
irradiated avian influenza vaccines parenterally or mucosally
administered to chickens or other avian species are not available
in the literature.

In our work, we compared the immunogenicity and the
efficacy of H9N2 experimental vaccines based on the antigens
inactivated by chemical and irradiation methods, administered
by mucosal or intramuscular routes in Specific Pathogen Free
(SPF) White Leghorn chickens. The efficacy of the different
vaccines and administration routes wasmeasured upon challenge
with different doses of an H9N2 isolate belonging to the G1
lineage, aiming to understand if the irradiation technology
could improve current vaccination strategies and if the mucosal
administration of the inactivated vaccines is able to elicit a
protective level of immunity.
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MATERIALS AND METHODS

Virus
An AIV H9N2 isolate from the Middle East belonging to the G1
lineage (A/Chicken/Saudi Arabia/3622-31/13) was propagated
and titrated in 10-day-old embryonated SPF chicken eggs
(Charles Rivers) at 37◦C for 72 h. Viral titrations were performed
by inoculating 100 µL virus dilutions (10−3-10−9) in 10–11-
day-old embryonated chicken eggs in the allantoic fluid. The
inoculated eggs were incubated at 37◦C and observed every 24 h
to detect mortality for 7 days. Allantoic fluids harvested from
the eggs were tested by the HA assay to detect viral replication,
according to standard procedures (24). Allantoic fluids showing
the absence of hemagglutinating activity were considered as
negative for virus replication. A 50% egg infectious dose (EID50)
was calculated according to the Reed-Muench method (25).

Inactivation of H9N2 by Formalin and
Irradiation
Inactivation by irradiation was performed at the International
Atomic Energy Agency (IAEA) Laboratories in Seibersdorf,
Austria, by following established protocols. The virus stock was
mixed with 1M trehalose (trehalose dihydrate; Sigma) 50% V/V,
aliquoted into 5mL volume, and immediately frozen. Frozen
samples incubated with dry ice were irradiated using aModel 812
Co-60 irradiator at a dose rate of 66.532 Gy/min (Foss Therapy
Services, Inc., California, USA). The irradiator was regularly
calibrated using an ionization chamber that also mapped the
delivered dose in the location where the samples are irradiated.
Initial doses of 5, 10, 15, 20, 25, 30, and 40 kGy were applied
to identify the D10 value, the dose required to reduce virus
load by 90% or 1 log (26). All samples were labeled with P8100
radiation indicator stickers that progressively change from yellow
to purple depending on the dose applied ranging from 3 to
25 kGy (GEX Cooperation, Colorado, USA). The D10 value
was used to estimate the inactivation dose. Formalin-inactivated
H9N2 was prepared at the Istituto Zooprofilattico Sperimentale
delle Venezie (IZSVe) following previously described protocols
(27). Briefly, 0.1% V/V formalin in phosphate-buffered saline
(PBS) was added to the infectious allantoic fluid and incubated at
37◦C for 16 h. To compare vaccine preparations that only differed
by the type of inactivation, after formalin treatment, the allantoic
fluid was then mixed with 1M trehalose (trehalose dihydrate;
Sigma) 50% V/V. Loss of viral infectivity was confirmed by
three blind passages of treated viruses in embryonated eggs.
The inactivated virus suspensions were stored at −80◦C until
further use.

Transmission Electron Microscopy (TEM)
Aliquots of untreated, formalin-inactivated, and irradiated
viruses were analyzed by negative staining TEM according to
standard procedures for viral identification and examination.
A formvar/carbon supported copper grid (Electron Microscopy
Sciences Formvar/Carbon Copper Grid 200Mesh) was placed flat
on the bottom of the vial and 90 µL of samples were dispensed
on the top of the grid. After high-speed centrifugation (28–30 psi
or 100,000×g) for 15min (Beckman Air-Driven Ultracentrifuge

Airfuge), the grid was placed on a filter paper and stained with
10 µL of 2% phosphotungstic acid (PTA) (pH 7); PTA was
left on the grid for a few seconds (8–10 s). The grid was then
examined under an EM 208S TEM (Philips) and virus particles
were measured using the iTEM software (Olympus SIS).

Animal Experiments
Bird Infectious Dose 50 (BID50)
BID50 determination was based on the methods described by
Swayne and Slemons (28). Birds were challenged with serial
dilutions of the selected strains. For each tested dilution, groups
of five SPF White Leghorn chickens (Gallus gallus) 4–6 weeks
old were housed in poultry isolating units (Montair, The
Netherlands). All the birds in each group were infected via the
oronasal route with 100 µL of viral suspension in PBS containing
the corresponding EID50 dose (one dose per group). Only
tracheal swabs (FLmedical, Italy) were collected daily from day
1 to day 5 post-infection (p.i.), as previous experimental results
(data not shown) indicated that cloacal shedding was negligible
(mean Ct values >30). The samples were then processed for
the detection of the M gene by real-time RT-PCR (RRT-PCR)
(29). The BID50 was defined using the Spearman and Kärber
method (30).

Animal Trial 1 (H9N2 Challenge Dose: 106 EID50/100

µL)
A total of 40 one-day-old SPF White Leghorn chickens were
equally divided into five groups and housed in BSL3 poultry
isolators (HM 1900, Montair Andersen BV, Kronenberg,
The Netherlands). Two groups were vaccinated oculo-
nasally (ON) with either the irradiated-H9N2 (ON-Irr) or
the formalin-inactivated H9N2 (ON-For) antigens without
adjuvants, respectively. The other two groups were vaccinated
subcutaneously (SC) with either irradiated-H9N2 (SC-Irr) or
formalin-inactivated H9N2 (SC-For) antigens, respectively, in
a water-in-oil (W/O) 7:3 (v/v) emulsion with a commercial
adjuvant for poultry (ISA71VG, Seppic). A fifth group served as
a negative non-vaccinated control. All groups were vaccinated
twice at 14 and 28 days of age and blood samples were taken
before each vaccination. The amount of H9N2 antigen given to
each bird was standardized to 128 hemagglutinating units (HAU)
for each immunization. Two weeks after the second dose (i.e., 42
days of age) blood samples were taken from all the chickens and
a homologous challenge was performed by the oronasal route at
a dose of 106 EID50/100 µL. Tracheal swabs were collected from
all the birds on day 2, 4, and 7 p.i. to evaluate viral shedding.
Fourteen days p.i. (dpi), a final blood sample was taken from all
the birds to evaluate seroconversion.

Animal Trial 2 (H9N2 Challenge Dose: 103 and 104

EID50/100 µL)
A total of 150 one-day-old SPF White Leghorn chickens were
divided into five different experimental groups. The first group
was vaccinated ON with irradiated-H9N2 (ON-Irr-Adj) in a
1:1 suspension with the mucosal adjuvant IMS1313 (Seppic,
France), the second group received by the ON route a formalin-
inactivated H9N2 vaccine in a 1:1 suspension with IMS1313
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(ON-For-Adj). The other two groups were vaccinated SC in the
same way as in animal trial 1 (SC-Irr, SC-For). The amount of
H9N2 antigen given to each bird was standardized to 128 HAU
for each immunization. A fifth group served as negative non-
vaccinated control. All the vaccinated birds received two doses
of the experimental vaccines at 14 and 28 days of age and blood
samples were taken before each vaccination. Two weeks after the
second dose (i.e., 42 days of age) blood samples were taken, and
within each group, birds were equally divided into subgroups of
15 birds each and challenged with either 103 or 104 EID50/100µL
of the homologous virus. Clinical signs were monitored daily and
tracheal swabs for quantification of viral shedding were collected
on day 1, 2, 3, 4, 5, 7, and 9 p.i. Fourteen days p.i., a final blood
sample was taken from all the birds to evaluate seroconversion.

Assessment of Viral Shedding by
Real-Time RT-PCR
RRT-PCR targeting the M-gene was used to determine the
BID50 and to compare viral shedding in the respiratory tract
in each experimental group, in a qualitative and quantitative
setup, respectively (29). Swab heads were placed in 500 µL of
1X PBS containing antibiotics and antimycotics (PBS-A) and
vortexed for 30 s. Total RNA was purified from 300 µL of sample
suspension using the QIAsymphony R© DSP Virus/PathogenMidi
Kit on a QIAsymphony R© SP instrument (Qiagen). Viral genome
amplification was carried out using the QuantiTectMultiplex RT-
PCR Kit (Qiagen), 300 nM of each primer, 100 nM of the probe,
and 5 µL of template RNA, in a final volume of 25 µL. Each
sample was tested in triplicate. Runs were performed on a CFX
96 Deep Well Real-Time PCR System, C1000 Touch (Biorad),
under the following cycling conditions: 50◦C for 20min, 95◦C for
15min, followed by 40 cycles at 94◦C for 45 s and 60◦C for 45 s.

Ten-fold serial dilutions of strain-specific negative-sense in
vitro transcribed RNA were processed along with each run to
develop standard curves and to assess viral shedding. The limit of
quantification (LoQ) of the RRT-PCR was preliminarily assessed
as being 100.7 genome copies.

Viral replication was plotted as the mean viral load ± SD
using the Prism 9.1.2 (GraphPad). For graphical and statistical
purposes, samples testing negative or with a viral load below the
LoQ were given a value of 100.7 copies/5 µL of total RNA.

Serological Assays
To detect the humoral immune response of vaccination,
hemagglutination inhibition (HI) assays and a commercial ELISA
assay targeting the nucleoprotein (NP) of type A influenza viruses
were performed on all serum samples collected during animal
trials 1 and 2. HI assays were performed according to standard
protocol using the homologous vaccine antigen (31). In brief,
sera were serially diluted in PBS and mixed with equal volumes
(25 µL) of the virus containing 4 HAU, then 25 µL of washed
chicken red blood cells were added and incubated for 30min at
room temperature. HI titers were determined as reciprocals of the
highest serum dilutions in which inhibition of hemagglutination
was observed.

The anti-NP ELISA (ID Screen R© Influenza A Nucleoprotein
Indirect, IDVet, France) was performed according to the

manufacturer’s recommendation using positive and negative
controls provided with the commercial kit.

Statistical Analyses
The shedding dynamics from 1 to 12 dpi of the control
population and those administered with formalin-inactivated
and the irradiated vaccines were modeled through General
Additive Model (GAM). GAM was performed as implemented
in the ‘mgcv’ R package, which was also used to assess the
concurvity and significance of base functions, model selection
was performed through the Akaike information criterion (AIC),
and the model assumptions were verified through the graphical
assessment of the models’ residuals using the R package
‘gratia’ (32–34). A GAM was fitted for each challenge dose
(103−104−106) and for each administration route (ON and
SC). Shedding observations equal to zero were increased to
one (from hereon: Shed01); all observations were then log-
transformed. Due to the limits of detection of 100.7 copies/5 µL,
shedding levels presented a distinct zero-inflation. Consequently,
we implemented a two-components mixture GAM where the
probability of attaining value 0 (fit0) and the probabilities of the
non-0 values (fit1) are modeled separately, and the coefficients
from the two models are joined to return a single response
model (fit). To compute a different smooth for each unique
treatment while allowing for varying intercept, models fit0 and
fit1 included the treatment both as a fixed factor and as a
factor-smoothing parameter for DPI. The response variable for
fit0 was a binary variable describing the presence/absence of
measured shedding for each given observation and modeled as
logistic regression with a binomial distribution of errors and
logit link function. To model fit1, Shed01 was log-transformed
and modeled with a Gaussian distribution of errors and log
link function. The predicted values from both models were
then joined as fit= elog(fit0)+ log(fit1). Confidence intervals at
the 95% confidence level (95% CI) were inferred generating
1,000 bootstrap resampling and applying a bias-corrected CI as
implemented in the “coxed” R package (35, 36).

To assess the overall shedding difference significance among
treatments for each dose/route combination, general linear
mixed models (GLMM) of the log-transformed Shed01 were
fitted using treatment as a fixed factor, DPI, and sample ID
as random variables as implemented in the “lme4” R package
(37). The “emmeans” R package (38) was used to compute the
estimated marginal means and the contrast among treatments;
the p-values associated with the contrast were corrected for
multiple comparisons through Honestly Significant Difference
(HSD) adjustment.

RESULTS

Inactivation and Preservation of Structural
Integrity
The D10 dose was identified as 5.46 kGy
(Supplementary Figure 1). An inactivation dose of 60 kGy
was used for vaccine preparation and was estimated by adding
four D10 doses to the minimum inactivation dose estimated at
35.68 kGy to ensure effective sterilization of the virus. The final
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dose of 60 kGy, was within the range of the SAL and determined
safe for use. Around 12.5 h were taken to deliver this irradiation
dose using a gamma irradiator and the sample was kept frozen all
the time by refilling dry ice. Indeed, there was a slight difference
in each time the inactivation took place as the Co-60 source
decayed over time.

Inactivation and safety of formalin-treated and irradiated
H9N2 used in the experimental vaccines were confirmed
by three blind passages in 10-day-old embryonated eggs.
Additionally, no loss in HA titer was observed irrespective
of the inactivation method used. Upon Transmission electron
microscopy (TEM) examination (Figure 1), both formalin and
γ-irradiation treatments showed no effect on the integrity of
viral particles and normal morphology was preserved. However,
after examination of several viral particles, formalin-fixed virions
exhibit shorter and less easily detectable projections, representing
the immunogenic glycoproteins on their surface than the
irradiated viral particles (Figures 1B,C, respectively).

BID50 of A/Chicken/Saudi
Arabia/3622-31/13
To infer the BID50 of the challenge virus, we performed
multiple infection experiments at different challenge doses
(103−6 EID50/100 µL) in poultry isolators units. Following the
challenge, tracheal swabs were collected daily and RRT-PCR
tests were run to identify infected birds. The results of the
challenge are shown in Table 1 and the BID50 was determined
as 103.5 EID50/100µL.

Vaccination by the Subcutaneous (SC)
Route
Formalin-inactivated vaccines represent the most common type
of traditional vaccine available for AI. Despite the extensive
knowledge of the protection offered by inactivated vaccines
when administered SC, control of H9N2 infection is difficult
under field conditions and most of the countries in which
vaccination is applied are still endemic to H9N2. In our work, we
aimed to compare the protective efficacy of formalin-inactivated
and irradiation-inactivated H9N2 experimental vaccines against
different challenge doses of a homologous virus to the
vaccine antigen.

The serological analysis showed that both formulations,
when administrated SC, were able to produce high-antibody
titers in immunized birds before challenge (i.e., Geometric
Mean Titer (GMT) >10 log2 in all of the immunized groups)
according to both HI and NP-ELISA tests. Higher mean HI
titers were observed in birds immunized in trial 2 compared to
trial 1, possibly due to improved vaccine preparation methods
(extended emulsion time, higher shearing speed, and preparation
performed on ice), which were adjusted following discussion with
the manufacturer. Nonetheless, in SC-For and SC-Irr groups
challenged with the same dose, no significant difference was
observed in the GMTs.

In animal trial 1, we challenged chickens with a 106 EID50

dose (i.e., 102.5 times greater than the BID50) of the H9N2
isolate. Quantitative RRT-PCR was performed on tracheal swabs

collected on days 2, 4, and 7 p.i. showed only partial virological
protection in birds, irrespective of the type of inactivation
method. However, on day 2 p.i., viral shedding was significantly
lower in SC-Irr (102.38 ± 102.70 copies/5 µL) and SC-For (103.54

± 103.94 copies/5 µL) groups than in the control chickens (104.94

± 104.83 copies/5µL), but differences between the two vaccinated
groups were not statistically significant. In both vaccinated
groups, 75% (6/8) of birds resulted to be positive on day 2
p.i. (Supplementary Table 1), as opposed to 100% (8/8) in the
control group. In a comparison with the control group, we
observed lower mean viral loads for both groups at day 4 p.i. but
higher loads at day 7 p.i. (Figure 2A). Nonetheless, on day 7 p.i.,
3/8 and 1/8 chickens resulted negative in the SC-Irr and SC-For
groups, respectively, while in the control groups all birds were
found positive. A GLMM statistical approach for the analysis
of the viral shedding aggregated data (Figure 3) over 12 dpi.
was applied to model infection dynamics. The analysis based
on the RRT-PCR data showed that the effect of SC vaccination
upon challenge with 106 EID50 mainly affects the initial phases of
the infection by reducing the number of infected animals upon
challenge for both the vaccines, albeit the effect of vaccination
did not reach statistical significance (Figure 3F, inset).

We then evaluated the protective efficacy at lower challenge
doses (103 and 104 EID50), below and above the BID50, to
better discriminate differences in the ability of these vaccines
to prevent an infection. Shedding results showed complete
prevention of infection in all challenged birds, resulting in 100%
efficacy of both the experimental vaccines in preventing infection
(Figures 2B,C). Following the challenge, none of the vaccinated
birds recorded an increase in the HI titers (Figures 2D–F).

Vaccination by the Mucosal (ON) Route
Mucosal vaccination of the upper respiratory tract in poultry is
an attractive alternative to SC vaccination due to the potential
advantages offered by mass administration and the capacity
of mucosal vaccines to elicit mucosal immunity at the site
of entry of respiratory viruses. To assess differences in the
protective efficacy between irradiated and formalin-inactivated
H9N2 antigens administered by themucosal route, we performed
three challenges, including doses of 103, 104, and 106 EID50.

Serological analyses showed variable HI titers before the
challenge in all vaccinated birds and no significant differences
were observed in terms of HI GMT between formalin
inactivated and irradiated vaccinated groups (3.93 log2 and 4.71
log2, respectively). Interestingly, NP-ELISA results were clearly
distinguishable. The NP-ELISA performed on sera collected
before the challenge gave negative results in the irradiated
vaccinated groups, while in the formalin inactivated groups few
(3/38, 7.9%) chickens seroconverted. After the challenge, the
NP-ELISA showed seroconversion in the infected chickens.

As shown in Figure 4, at the highest challenge dose 8/8
of the unvaccinated birds infected directly from challenge and
high viral titers (104.94 ± 104.83 copies/5 µL) were detected in
tracheal swabs, as early as 2 dpi. In contrast, vaccinated birds
showed more heterogeneous shedding titers at the early stages
of infection. In particular, a significant reduction in mean viral
load was observed in the ON-Irr group compared to controls
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FIGURE 1 | Negative stain TEM images of virus (×180,000). (A) Live untreated H9N2. (B) formalin-inactivated H9N2; and (C) irradiated H9N2. Red arrows indicate

viral glycoprotein spikes.

TABLE 1 | BID50 determination in 6-weeks-old White Leghorn SPF chickens, each infection experiment was performed by oronasal installation of 100 µL of infectious

allantoic fluid diluted in PBS to five (n = 5) SPF chickens in different isolator units.

Challenge dose Positive chickens Negative chickens % of infected

(Mean Ct of infected chickens at day 1 p.i.)

103 2 3 40 (33.2)

104 3 2 60 (25.2)

105 5 0 100 (21.4)

106 5 0 100 (23.1)

The challenge dose is expressed as EID50/100 µL.

on day 2 p.i. (Figure 4A). Moreover, in the ON-Irr group, 7/8
challenged birds resulted positive at 2 dpi. However, due to the
high transmissibility of the H9N2 virus in chickens, all birds were
infected at 4 dpi in all the groups. The GLMM model built on
aggregated shedding data shown in Figure 3C failed to detect
statistically significant differences in terms of overall shedding
between groups.

At lower challenge doses, the effect of mucosal vaccination
on the prevention of infection was evident, recording fewer
positive birds compared to the control group during the first
2 days after the challenge. Upon inoculation with 104 EID50,
the percentage of positive birds in the ON-Irr-Adj, the ON-For-
Adj and the control groups ranged between 23.1% (3/13)−53.8%
(7/13), 26.7% (4/15)−46.65 (7/15) and 66.7% (10/15)−86.6%
(13/15), respectively (Supplementary Table 1). Mean viral loads
were significantly higher on day 3 p.i. for the ON-Irr-Adj group,
while no statistical difference was recorded for samples at other
time points. After day 3, all birds resulted positive at least for two
consecutive days (Supplementary Figure 2), recording shedding
peaks at days 3, 4, and 4 p.i. for ON-Irr-Adj, ON-For-Adj, and
controls, respectively.

Upon challenge with 103 EID50, the percentage of positive
birds in the ON-Irr-Adj, the ON-For-Adj and the control
groups ranged between 6.7% (1/15)−0.0% (0/13), 13.3%
(2/15)−20.0% (3/15) and 6.7% (1/15)−20.0% (3/15), respectively
(Supplementary Table 1). In the ON-Irr-Adj group, we observed
a transient positivity in one bird at day 1 p.i., while no other
animal resulted positive throughout the 12 days. In the ON-
For-Adj group the same three infected birds that were positive

on day 2 p.i. remained the only animals shedding virus up to
day 4 p.i., while on day 5 p.i., five additional subjects resulted
positive. In the control group, in addition to the three directly
infected birds observed on day 2 p.i. six positive subjects were
recorded on day 3 p.i. (Supplementary Figure 2). In the ON-
For-Adj and the control groups, all birds resulted infected for at
least two consecutive days, recording shedding peaks at days 7
and 4 p.i., respectively. HI titers increased after the challenge in
all the groups except for the ON-Irr-Adj group challenged with a
dose of 103 EID50. In this group, the only chicken that transiently
shed low viral loads on day 1 p.i. resulted in NP-ELISA positive
at 14 dpi.

DISCUSSION

Vaccination to prevent H9N2 AIV infection in poultry has
been used extensively since the late 1990s first in China and
then in regions that became endemic following the global
spread of these poultry-adapted viruses (18, 39, 40). Vaccination
programs have relied heavily on traditional vaccines based on oil-
emulsified, inactivated whole AIVs (39, 41) to reduce the severe
economic consequences of infection. Inactivation of infectious
allantoic fluid for the preparation of vaccines destined for the
poultry market is usually achieved by formaldehyde treatment
(31), which represents an effective well-established method.
However, formalin treatment has been demonstrated to affect
viral antigenicity by HA polymerization (27) and by reducing
the host-immune response to the inoculated antigen. Moreover,
formalin, at commercial vaccine concentration levels, has been
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FIGURE 2 | Effects of subcutaneous (SC) vaccination upon infection at different H9N2 challenge doses. (A–C) qRRT-PCR results of tracheal swabs collected from all

the challenged birds. (D–F) Serological test results of blood samplings performed before and after challenge. The numbers above bars indicate a number of NP-ELISA

positive birds out of tested birds.

demonstrated to negatively affect production performances in
laying hens by causing degeneration in combs, follicles, oviduct,
and uterus and lower estradiol levels (42).

In our study, we demonstrated that irradiation is a valid
alternative to formalin for the inactivation viruses, as previously
demonstrated for other human influenza strains (22) or
other pathogenic viruses, such as rotavirus (43), Venezuelan
Equine Encephalitis virus (44), and Ebola virus (45). Complete
inactivation of an infectious allantoic fluid with a titer of
108 EID50, demonstrated by blind passaging in embryonated
chicken eggs, was confirmed for irradiation doses higher than
40 kGy. Visualization of inactivated viral particles by TEM

imaging suggested that formalin treatment affected more than
γ-irradiation of the viral structure by reducing the height of
surface immunogenic glycoproteins and by causing a more
clustered appearance of H9N2 envelope projections, probably as
a result of the cross-linking effect of the formalin treatment (46).
The superiority of γ-irradiation to other chemical inactivation
methods in the preservation of antigenic structures has been
previously demonstrated and is due to the selective damaging
effect of irradiation on the RNA genetic material, and the limited
impact that irradiation has on proteins if frozen conditions are
maintained during the inactivation process (47–49). In our work,
to minimize the deleterious effects of γ-irradiation, we also used

Frontiers in Veterinary Science | www.frontiersin.org 7 July 2022 | Volume 9 | Article 916108165

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Bortolami et al. Efficacy of H9N2 Irradiated Vaccines

FIGURE 3 | Models of the shedding levels of irradiated and formalin-inactivated vaccines and a non-vaccinated control for 12 days post infection (DPI) for three

challenge doses (103, 104, and 106 EID50 ). For each group, the dots represent the measured observations, the solid line represents the fitted model, and the shaded

contour shape represents the 95% confidence intervals of the fitted model. For each plot, the inset compares the overall effect of the group on the shedding, with the

solid circle representing the effect value and the vertical bars the 95% confidence interval. Panels (A–C) show models of shedding in ON vaccinated birds upon

challenge with 103, 104, and 106 EID50 of H9N2, respectively; panels (D–F) show models of shedding in SC vaccinated birds upon challenge with 103, 104, and 106

EID50 of H9N2, respectively.

trehalose as a radio-protectant to preserve the antigenic epitopes
during the irradiation process. Trehalose is a well-known cryo-
protectant that stabilizes proteins and has been shown to protect

DNA during radiation (50). Indeed, trehalose has been used
widely in viral vaccine formulations to achieve stabilization of
the antigens (51, 52). Moreover, being a sugar it can also aid
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FIGURE 4 | Effects of mucosal (oculo-nasal, ON) vaccination upon infection at different H9N2 challenge doses. (A–C) qRRT-PCR results of tracheal swabs collected

from all the challenged birds. (D–F) Serological test results before and after challenge. The numbers above bars indicates the number of NP-ELISA positive birds out

of tested birds.

in increasing the viscosity leading to increased attachment and
prolonged presence of vaccine antigens in the mucosae. On the
other hand, it should be noted that the addition of trehalose
and performing irradiation under frozen conditions could have
increased the gamma irradiation dose needed for the inactivation
of the virus because of the protective effects exerted both on
viral proteins and the viral genome (53). Not surprisingly other
groups who used gamma irradiation to inactivate influenza virus
at room temperature and without trehalose achieved complete
inactivation at 16 KGy (54).

When administered SC, no significant differences were
recorded in terms of immunogenicity between the two vaccines.
However, HI titers were higher than previously reported

for similar antigen concentrations (50, 55), possibly as the
result of either optimal vaccine preparation and administration
(e.g., type of adjuvant) or due to the presence of trehalose
in vaccine batches, whose activity on the modulation of
host immunity is well-documented (56). Excellent results of
ISA71VG as an adjuvant for AIV vaccine preparation have
also been previously demonstrated in a study performed
by Lone and colleagues (57) who compared 10 different
commercial and experimental adjuvants for use in chickens,
identifying ISA71 VG to perform best in terms of clinical
protection and reduction of viral shedding in experimentally
infected SPF chickens. We believe that the addition of
trehalose to mineral oil adjuvants in vaccine formulations
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should be further investigated considering its viscosity and
adjuvant properties.

When birds were challenged with 106 EID50, SC vaccinated
groups recorded a significant reduction of shedding (101.40-102.56

fold reduction) in the trachea and a reduced number of
positive birds in the early phase of the study, on day 2 p.i.
Nonetheless, such reduction did not affect the overall number
of birds becoming infected in the vaccinated groups, while
it delayed the peak of shedding to day 4 p.i. Interestingly,
although mean loads on day 7 p.i. were higher in both
vaccinated groups than in the control group, the irradiated
and the formalinated vaccines afforded viral clearance in
3/8 and 1/8 animals, respectively, as opposed to the control
group in which all birds were still actively shedding the
virus. At lower challenges, both vaccines provided sterilizing
immunity according to both virological and serological results,
achieving a result rarely described in the literature for AI
(58). The superior adaptation of H9N2 viruses of the G1
and Y280 lineages to the respiratory epithelia of Galliformes
reduces shedding a challenging task for the current inactivated
vaccines. In our setting, we proved that even extremely
high homologous HI titers could not prevent infection and
transmission of infection upon high challenges, reminding us
that the traditional approach to AI vaccination via IM/SC
immunizations with inactivated vaccines might be sufficient
to prevent H9N2 infection, only in the presence of moderate
loads. High HI titers are known to efficiently curb the
commercial impact of H9N2 disease (59, 60), but in our
setting proved inefficient in reducing the circulation of a
virus characterized by low BID50 and high sustained shedding
profiles. Altogether, the irradiated antigen performed better than
the formalin-inactivated, although differences did not reach
statistical significance.

When ON vaccinated groups were challenged with 106

EID50, no significant differences were recorded in terms
of cumulative shedding in comparison with the control
group. However, a significant reduction in shedding was
observed in the ON-Irr-adj group at 2 dpi leading to a
substantial delay in the shedding dynamic, albeit failing to
effectively reduce the circulation of the virus in the flock. This
scenario closely replicated what was observed with the SC
vaccination. To effectively immunize animals via the mucosal
route, an inactivated antigen-based vaccine must overcome
tissue-specific challenges, in fact, mucosal surfaces display a
broad tolerance to antigens and harbor several barriers to
the delivery of antigens, such as cilia (mechanical), mucus
(chemical), and proteolytic enzymes (biochemical) (61). In
an attempt to improve antigen delivery at the level of the
mucosa, in the second animal trial, we added to the vaccine
formulation IMS1313, an adjuvant with immunostimulatory
activity developed for mucosal administration of live vaccines,
which showed promising results also with inactivated AIV
vaccines (62). When ON immunized chickens were infected with
lower doses of H9N2, a stronger reduction in the percentage
of positive birds became evident, especially during the first 2
days after the challenge. Both the irradiated and formalinated
vaccines dramatically reduced the infection rate against the 104

EID50 dose. Although overall cumulative shedding did not differ
between these two vaccines, the duration was shorter for the
ON-Irr-adj group. On the other hand, at the lowest challenge of
103 EID50, the irradiated vaccine was the only one affording a
complete protection from infection in the entire flock, while the
formalinated vaccine did not prevent the infection of 3/15 birds,
similarly to what was observed in the control group. Once again,
we observed a delayed replication of the virus with high viral
loads recorded around 7–9 days from challenge. As we expected
that challenges with doses of 103−4 EID50 would lead to primary
infection in about 40–60% of birds according to BID50 for this
virus, we assume that the observed higher percentages of RRT-
PCR positive birds recorded from 3 dpi in both unvaccinated
groups were the result of the secondary spread between primarily
infected and primarily non-infected birds.

For this reason, although we could not differentiate primary
from secondary infections, we speculate that the number of
positive birds identified during the first 2 days after the challenge,
might be largely attributable to primarily infected birds. In light
of this, the better performance of the irradiated vaccine during
the early phases of the lowest challenge with 103 EID50 suggests
the possibility that irradiated antigens administrated via the
mucosal route might have reduced the primary attack rate more
effectively than formalinated ones.

This might depend on the higher avidity/affinity of secretory
IgA (S-IgA) mounted against a better preserved antigenic
structure inactivated through irradiation (63). A limitation
of our study is that we did not assess the IgA levels at
the humoral and the mucosal level. Nonetheless, although
protection offered by mucosal vaccination cannot be thoroughly
measured by the HI assay, lower HI titers in the ON groups
correlated with poorer performances when compared to the
SC vaccinated animals. The addition of a mucosal adjuvant
for live vaccines did not increase mean HI titers, possibly as
the result of the lower viscosity of the formulation. Further
studies are necessary to test novel mucoadhesive adjuvants (e.g.,
nanoparticles) and adjuvants targeting receptors of mucosal
immune cells that could increase the permanence of inactivated
antigens at the mucosal level, and thus increasing interaction
with mucosal immune cells and the stimulation of the immune
system at a crucial anatomical site for the establishment
of infection.

Altogether, our results indicate that vaccination with an
antigen inactivated by gamma irradiation achieves excellent
results in terms of prevention of infection against low-to-
intermediate H9N2 challenges if the vaccine is administrated
SC. Moreover, irradiation of the antigen resulted in a shorter
duration of shedding when compared to the traditional formalin-
inactivated antigen. Additional experimental evidence on the
efficacy of irradiated antigens in protecting against H9N2 and
other AI subtypes is necessary to confirm our observations
and understand whether this method is either comparable or
superior to others currently used in vaccine manufacturing.
This inactivation method might represent an alternative to the
traditional formalin-based approach, especially in light of the
recent advancements replacing radioactive material with the
safer and cheaper low-energy electron irradiation technology.
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Although ON vaccination with an inactivated antigen only
partially reduced replication against a high challenge, the
performance against a low-to-moderate challenge with a highly
infectious strain of H9N2 proved the potential of this innovative
delivery route, in particular when the antigen was inactivated
by irradiation. Undoubtedly, vaccination by spray or mixing
in drinking water can stimulate the mucosae of the upper
respiratory and digestive tracts, and is also less expensive
and more easily applicable in emergency situations than the
SC vaccination and can be designed for periodic boosters.
Interestingly, mucosal vaccination with the irradiated H9N2
antigen revealed a complete lack of seroconversion against the
structural NP, offering a possible Differentiating Infected from
Vaccinated (DIVA) approach that would simply rely on existing
commercial anti-NP ELISA assays.

A significant reduction of environmental contamination is
one of the secondary goals of vaccination campaigns in endemic
countries where human exposure to zoonotic H9N2 viruses is
of concern. Noticeable achievements in this sense have been
recorded after the deployment of nationwide immunization
against H5/H7 HPAI and LPAI viruses in China, with a dramatic
drop in the number of H7N9 cases (64, 65). Improving the
ability of H9N2 vaccines in reducing shedding, environmental
contamination, and increasing the resilience of animals to
infection is not only a priority to safeguard poultry production
and the access to low-cost proteins in lower-income countries
but also a desirable objective from a public health perspective.
Mucosal vaccination with either live-vectored vaccines or
inactivated antigens might offer the chance to achieve these goals.
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Gamma (γ)-radiation can target viral genome replication and preserve viral structural

proteins compared to formalin inactivation. Thus, a stronger immunity could be induced

after the inoculation of the irradiated virus. In this study, γ-irradiated low-pathogenic

avian influenza virus-H9N2 (LPAIV-H9N2) was used to immunize the broiler chicken in

two formulations, including γ-irradiated LPAIV-H9N2 with 20% Trehalose intranasally

(IVT.IN) or γ-irradiated LPAIV-H9N2 plus Montanide oil adjuvant ISA70 subcutaneously

(IV+ISA.SC) in comparison with formalin-inactivated LPAIV-H9N2 vaccine intranasally

(FV.IN) or formalin-inactivated LPAIV-H9N2 plus ISA70 subcutaneously (FV+ISA.SC).

Two vaccination regimes were employed; the first one was primed on day 1 and boosted

on day 15 (early regime), and the second one was primed on day 11 and boosted on day

25 (late regime). A challenge test was performed with a live homologous subtype virus.

Virus shedding was monitored by quantifying the viral load via RT-qPCR on tracheal and

cloacal swabs. Hemagglutination inhibition (HI) antibody titration and stimulation index

(SI) of the splenic lymphocyte proliferation were measured, respectively, by HI test and

Cell Proliferation assay. Cytokine assay was conducted by the RT-qPCR on antigen-

stimulated spleen cells. The results of the HI test showed significant increases in antibody

titer in all vaccinated groups, but it was more evident in the IVT late vaccination regime,

reaching 5.33 log2. The proliferation of stimulated spleen lymphocytes was upregulated

more in the IVT.IN vaccine compared to other vaccines. The mRNA transcription

levels of T-helper type 1 cytokines such as interferon-gamma (IFN-γ) and interleukin 2

(IL-2) were upregulated in all vaccinated groups at the late regime. Moreover, IL-6, a

pro-inflammatory cytokine was upregulated as well. However, upregulation was more

noticeable in the early vaccination than the late vaccination (p< 0.05). After the challenge,

the monitoring of virus shedding for the H9 gene represented an extremely low viral

load. The body weight loss was not significant (p > 0.05) among the vaccinated groups.
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In addition, the viral load of <100.5 TCID50/ml in the vaccinated chicken indicated the

protective response for all the vaccines. Accordingly, the IVT vaccine is a good candidate

for the immunization of broiler chicken via the intranasal route at late regime.

Keywords: avian influenza virus, gamma-radiation, vaccine, immune response, virus shedding

INTRODUCTION

Among the three types of influenza viruses (A, B, and C), only
influenza A genus has been isolated from birds and termed
as avian influenza virus (LPAIV-H9N2). According to previous
studies (1–3), influenza type A viruses are divided into subtypes
based on the genetic and antigenic differences in two surface
spike proteins, namely, hemagglutinin (HA) and neuraminidase
(NA). The subtype LPAIV-H9N2 was initially isolated (1966)
from turkeys in the northern state of the United States (4). Then,
it was detected in domestic poultry in Europe, Africa, Asia, and
the Middle East. Frequent outbreaks have been reported in Asian
countries such as Iran, Saudi Arabia, Pakistan, and Iraq (2). After
the first reported outbreak (1998), the virus became endemic,
which led to a routine vaccination program to control LPAIV-
H9N2 (1, 5). H9N2 is commonly co-circulating in poultry with
other subtypes of LPAIV-H9N2, including H5 and H7 (6). Live
poultry markets are a crucial link in the poultry trade and require
close surveillance. H9N2 can be the donor of genes to other AIVs
such as H5N1, H5N6, H7N9, and H10N8, which are responsible
for high death rates in humans (7). In addition, H9N2 is a
low-pathogenic Avian Influenza virus (LPAIV-H9N2) and has a
wide host range such as ducks, chickens, pigs, and turkeys (8)
with possible transmission from avian to humans (5). It causes
considerable economic losses in the poultry industry worldwide
(4). H9N2 infection leads to high economic losses in both layers
and for breeders due to a drop in egg production. Broilers may
also show severe losses during coinfection with other pathogens,
especially Infectious Bronchitis Virus (IBV), Newcastle disease
virus (NDV), bacteria such as E. coli and Mycoplasma, or even
live virus vaccines (9). Therefore, a vaccine yielding a higher
level of protection is required to prevent LPAI H9N2 in the
poultry industry.

γ-Ray is ionizing radiation emitted from radio isotopes
(Cobalt-60 and Cesium-137 isotopes) and high- or low-energy
electron beams used for virus inactivation without any changes
in viral proteins. The dose of γ-radiation for virus inactivation
depends on the radiation temperature, the virus concentration,
size of the viral genome, the presence of oxygen, and water
content during the irradiation process (10). γ-Rays are at the
higher frequency end of the electromagnetic spectrum (the
shortest wavelength, but high energy). It is the perfect method
for virus inactivation and destroys genetic materials by creating
breaks in the genome (breaking ssRNA, dsRNA, or dsDNA).

The potency of γ-radiation has been successfully tested
in human clinical trials for radiation-attenuated anti-parasite
vaccines against malaria (11). For larger pathogens such as
parasites and bacteria, a relatively low dose of γ-irradiation is
sufficient for inactivating the organism (e.g., malaria irradiation
at 150 Gray, Fasciola irradiation at 30 Gray, and Brucella

irradiation at 6 kGy). Conversely, viral pathogens require higher
doses, including Rift Valley Fever virus irradiation at 25 kGy
(12, 13), LPAIV-H9N2 at 30 kGy (14), foot and mouth disease
virus at 45 kGy (15), and poliovirus subtypes 1 and 3 at 35
kGy (16).

The use of these higher doses of irradiation for virus
inactivation takes a longer time and results in building up
free radicals that could damage the antigenic epitopes of viral
proteins, even if that could be lesser extent compared to chemical
inactivation (11–15). Although many compounds could be used
to rescue this damage which is caused by the free radicals.
Trehalose, as a disaccharide, has its own merits as a cryo-protect
and a free radical quencher (17–19). Trehalose can stabilize
proteins and inhibit protein denaturation by excluding water
molecules from the surface of proteins when cells are in a
dehydrated condition. The dry state maintains proteins in the
folded state by replacing water molecules and forming hydrogen
bonds directly with proteins and thus their structure. Trehalose
acts as a natural stabilizer of life processes (17–19).

In this research, the LPAIV-H9N2 was irradiated after
formulation with Trehalose and employed to immunize the
broiler chicken in two formulations and at two vaccination
regimes via two routes of administration. Virus shedding
and immune responses were evaluated for 48 days. The
specific objectives of this study are to use Trehalose as
a protein stabilizer during LPAIV-H9N2 irradiation, use of
irradiated LPAIV-H9N2 plus Trehalose or Montanide ISA70
as an inactivated vaccine, comparison of two vaccination
regimes via two routes of administration, early and late
regimes, vaccine inoculation subcutaneously or intranasal for
evaluating immune responses due to irradiated LPAIV-H9N2
vaccine and formalin LPAIV-H9N2 vaccine and comparison
of immune responses between irradiated LPAIV-H9N2 vaccine
and formalin-inactivated LPAIV-H9N2 vaccine. Furthermore, we
can suggest the more protective vaccine, the better route of
administration and vaccination regime against LPAIV-H9N2.

MATERIALS AND METHODS

Vaccine Preparation
The isolated LPAIV-H9N2 strain A/chicken/IRN/Ghazvin/2001
was a kind donation from the Razi Vaccine and Serum Research
Institute of Iran. The irradiated avian influenza subtype H9N2
vaccine was prepared according to the protocols published by
Javan et al. (14) and Salehi et al. (20). Briefly, 3–4 days after the
multiplication of the LPAIV-H9N2 on embryonated specific free
pathogen (SPF) chicken eggs, the allantoic fluid was collected
and tested using a hemagglutination test for HA titration. The
infected allantoic fluid was used for virus titration measuring
embryo infective dose (EID50) and calculated according to the
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formula by Reed and Muench (21). A γ-ray dose of 30 kGy
was recommended for the frozen virus suspension (22). Half
of the frozen LPAIV-H9N2 stock plus 20% Trehalose (1M, a
disaccharide of glucose and as a protein protectant) and half of
the frozen LPAIV-H9N2 stock without Trehalose were irradiated
using the gamma irradiator (Nordion Company, Canada, model
220, γ-cell) at a dose rate of 2.07 Gy/s and activity of 8677 Ci
for virus inactivation on dry ice. The Laemmli SDS-PAGE system
was used to assess the quality of viral proteins in irradiated
and non-irradiated viral samples. In this study, the γ-irradiated
LPAIV-H9N2 was applied in two formulations. The first one
was γ-irradiated LPAIV-H9N2 with 20% disaccharide Trehalose
(1M) as a water suspension (IVT vaccine) and the second one
was γ-irradiated LPAIV-H9N2 plus Montanide oil (ISA70) as
a water-in-oil (30/70) vaccine (IV+ISA vaccine). A formalin
concentration of 0.1% at 25 ◦C was added to the LPAIV-H9N2
suspension to inactivate the virus for 24 h and employed as
the formalin-treated vaccine (FV) according to Razi protocols
(20, 22). The FV was used in two formulations. The first one was
used as a drop on the nose (FV.IN) by 107.5 EID50/100 µl and the
second one was an FV plus Montanide oil (ISA70) as a water-
in-oil (30/70) vaccine subcutaneously (FV+ISA.SC vaccine).
Vaccination was performed in two routes of administration
(intranasally and subcutaneously injection on the neck) on
broiler chicken. In addition, Montanide ISA 70 was applied as an
adjuvant, along with irradiated and formalin vaccines. Injectable
vaccine and stable water-in-oil (W/O) emulsions were obtained
by mixing Montanide ISA70 and antigenic media (H9N2) under
a high shear rate.

Animal Trails
The animal experiments were performed in two steps. The first
chicken experiment was conducted on seven chicken groups. A
total of forty-two broiler chickens (ROSS 308) were purchased
from Alborz hatchery center and allocated into seven groups,
each including 6 animals (three chickens were used in each
of sampling). The first group was pre-immunization and the
second group was the negative control group and was inoculated
with sterile PBS intranasally. The third and fourth groups were
immunized by irradiated vaccine intranasally or subcutaneously
(IV.IN or IV.SC). Moreover, the fifth and sixth groups were
vaccinated by irradiated vaccine plus 20% Trehalose intranasally
or subcutaneously (IVT.IN or IVT.SC), and the seventh group
was inoculated by Trehalose solution (1M) alone intranasally
(T.IN). The amount of each vaccination dose was 100µl. The sera
samples were collected from all chickens 2 weeks after the first
and second vaccination for HI antibody titration assay (at days
25 and 38). The splenic lymphocytes of all chicken groups were
cultured and stimulated by homologous-inactivated antigens to
evaluate the splenic lymphocyte proliferation assay as cellular
immunity at days 25 and 38 (three chickens in each group were
used for each sampling day).

The second chicken experiment was performed on the
other vaccinated bird groups (Table 1). A total of 200
and21 broiler chickens (ROSS 308) were purchased and
allocated into 17 groups (each including 13 chickens) to
evaluate immune responses and virus shedding in the second

animal experiment. The first group was pre-immunization,
and the second and third groups were inoculated with
sterile PBS intranasally or subcutaneously as negative control
groups (NC.IN or NC.SC). Further, the fourth to eighth
groups were vaccinated with irradiated LPAIV-H9N2 plus
Trehalose and the two routes of administration, namely
intranasally (IVT.IN) or subcutaneously (IVT.SC), formalin
LPAIV-H9N2 intranasally (FV.IN), formalin LPAIV-H9N2 plus
ISA70 subcutaneously (FV+ISA.SC), irradiated LPAIV-H9N2
plus ISA70 subcutaneously (IV+ISA.SC), respectively. The
vaccination was conducted in two different regimes (Figure 1).
The first one was primed on day 1 and boosted on day 15
(early regime), and the second one was primed on day 11 and
boosted on day 25 (late regime); one hundred and four chickens
were used in each regime. The second to eighth groups and
the ninth to fifteen groups were vaccinated in the early and
late regimens, but the same vaccines. The last two groups (16
and 17 groups) were positive control, without vaccination and
challenged with live homologous subtype virus (Table 1). The
sera samples were collected from all chickens 2 weeks after the
second vaccination and before challenge with live virus (at days
30 and 38 for early and late regimes, respectively) for HI antibody
titration assay. The splenic lymphocytes of the chicken groups
(three chickens in each sampling day, 84 chickens in early and late
regimens groups, and 13 chickens in pre-immune group, totally
97 chickens were used for culturing splenic lymphocyte) were
cultured and stimulated by homologous-inactivated antigens to
measure the splenic lymphocyte proliferation assay as cellular
immunity, and cytokines assay at days 30 (before challenge with
live virus) and 40 in early regime and at days 38 (before challenge
with live virus) and 48 in late regime, respectively.

Challenge of Vaccinated Chicken With the
Live Homologous Virus and Virus Shedding
The challenge test with live homologous virus was done in
the poultry isolators with Hepa Filter in the biosafety level 2+
laboratory (in Iran Veterinary Organization (IVO), National
Diagnosis Center, Reference Laboratories & Applied Studies). All
the vaccinated chicken groups in the second animal experiment
were challenged with 50 µl live homologous subtype virus (10
5.5 EID50/ml) through intranasal and ocular routes, except for
pre-immunization and negative control groups (1, 2, 3, 9, and
10 groups), including the five early groups on day 30 and the
five late groups on day 38 (ten chickens remained in each
group for challenge). Furthermore, two positive control groups
(each including 13 chickens) were inoculated with 50 µl live
homologous subtype virus (10 5.5 EID50/ ml) via intranasal and
ocular routes at days 30 and 38 days. Tracheal and cloacal swabs
were collected and used for RNA extraction on 2, 4, and 10 days
after the challenge from the vaccinated bird groups, negative
control and positive control groups to evaluate virus shedding by
the RT-qPCR.

Morbidity and body weight loss for all chicken groups were
daily monitored for 10 days following the challenge. Similarly,
the lung tissue of three chickens in each group was harvested and
homogenized 5 days after the challenge, and then the virus titer
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TABLE 1 | The second design for the chicken experiment.

No Vaccine

groups

Route- of

Adm

Vaccine

dose (µl)

Vaccination

day

Regime of

Vaccination

Challenge-

day

Number of

chicken

Sampling

day for HI

antibody

titration

Sampling days for

SLP assay &

cytokine assay /

number of chicken

Sampling days after

challenge for virus

shedding

Sampling days after

challenge for virus

shedding in lung

tissue / Number of

chicken

1 Pre-Immune - - - - - 13 1 1/13 - -

2 N.C (PBS) IN 100 1,15 early - 13 30 30/3 40/3 2, 4, 10 5/3

3 N.C (PBS) SC 100 1,15 early - 13 30 30/3 40/3 2, 4, 10 5/3

4 IVT IN 100 1, 15 early 30 13 30 30/3 40/3 2, 4, 10 5/3

5 FV IN 100 1,15 early 30 13 30 30/3 40/3 2, 4, 10 5/3

6 IVT SC 100 1,15 early 30 13 30 30/3 40/3 2, 4, 10 5/3

7 FV+ISA SC 100 1,15 early 30 13 30 30/3 40/3 2, 4, 10 5/3

8 IV+ISA SC 100 1,15 early 30 13 30 30/3 40/3 2, 4, 10 5/3

9 N.C (PBS) IN 100 11,25 late - 13 38 38 /3 48/3 2, 4, 10 5/3

10 N.C (PBS) SC 100 11,25 late - 13 38 38/3 48/3 2, 4, 10 5/3

11 IVT IN 100 11, 25 late 38 13 38 38/3 48/3 2, 4, 10 5/3

12 FV IN 100 11, 25 late 38 13 38 38/3 48/3 2, 4, 10 5/3

13 IVT SC 100 11, 25 late 38 13 38 38/3 48/3 2, 4, 10 5/3

14 FV+ISA SC 100 11, 25 late 38 13 38 38/3 48/3 2, 4, 10 5/3

15 IV+ISA SC 100 11, 25 late 38 13 38 38/3 48/3 2, 4, 10 5/3

16 PC IN - - - 30 13 - - 2, 4, 10 5/3

17 PC IN - - - 38 13 - - 2, 4, 10 5/3

N.C, negative control; IV, Irradiated Vaccine; IVT, Irradiated Vaccine + Trehalose; IN, Intranasal; SC, Subcutaneous; Adm, Administration; SLP, Splenic Lymphocyte Proliferation Assay; FV, Formalin Vaccine; (FV+ISA), Formalin Vaccine

plus Montanide oil ISA70; (IV+ISA), Irradiated Vaccine plus Montanide oil ISA70.
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FIGURE 1 | The broiler chicken vaccination diagram in early (top) and late (down) regimes.

was determined using the Madin-Darby canine kidney (MDCK)
cells and Hemagglutinin antigen assay (HA assay). To release the
virus, the lung tissue homogenates were frozen and thawed three
times, and their supernatants, in serial dilution from 10−1 to
10−7-fold, were added to triplicate the wells of MDCK cells. After
incubation for 1 h, RPMI 1640+ 10% FCS was added to each well
and incubated for 48 h at 37 ◦C in a humidified incubator (New
Brunswick, England) containing 5% CO2. HA was performed on
the supernatant of each well by the co-incubation of the culture
supernatant with chicken red blood cells. The virus titration
in lung tissues was determined by interpolating the dilution
endpoint that infected the cells in 50% of the wells and as log10
TCID50 (Tissue Culture Infectious Dose 50%).

Evaluation of Immune Responses and
Cytokine Assay
The diluted chicken sera (two-fold serially diluted with sterile
PBS) were mixed with four hemagglutinin units of virus
antigens (the infected allantoic fluids) in 96-well microplates
and incubated 30min at room temperature (23). Chicken red
blood cells (0.5%) were added to the mixtures and set for
30min at room temperature. The reciprocals of the highest
serum dilutions showing complete HI were expressed as the
HI titration. As explained in Table 1 for the second chicken
experiment, the cellular immunity was measured by the splenic
lymphocyte proliferation (SLP) assay at days 30 and 38 for
five vaccinated chicken groups and two negative control groups
in the early regime, the other five vaccinated chicken groups
and two negative control groups in the late regime, respectively
(24–26). Briefly, the spleens of the immunized chickens were
aseptically removed 2 weeks after the boost immunization (at
days 30 and 38), and single splenic lymphocyte suspensions
were prepared (25, 26) and incubated in 96-well plates at
a density of 2 × 105 cells/well by RPMI 1,640 (Invitrogen,
USA) + 10% fetal calf serum (FCS) (ZiSera, Iran) at 37
◦C in an incubator with humidified atmosphere containing
5% CO2. The cells were stimulated by irradiated inactivated

homologous LPAIV-H9N2 (3 µl/well) as the specific antigen
for the vaccine groups, as well as phytohemagglutinin (5µg/ml)
for the positive control, or without any stimulating antigen
in triplicates. Then, 48 h post-stimulation, the supernatant of
splenic cells was collected for cell proliferation assay according to
the protocol of the cell proliferation MTT kit (Roche, England).
The Cell Proliferation MTT Kit is a colorimetric assay for
the nonradioactive quantification of cellular proliferation. The
tetrazolium salt (MTT) is cleaved to formazan by enzymes of
the endoplasmic reticulum. This bio-reduction occurs in viable
cells only, and is related to NAD(P)H production through
glycolysis. The MTT solution was added (30 µl) per well with
a concentration of 5 mg/ml. After 4 h of incubation at 37 ◦C,
100 µl of dimethyl sulfoxide was added to each well to dissolve
formazan crystals. The optical density was measured at 540 nm.
Finally, the stimulation index (SI) was calculated for each sample
(SI = mean of optical density for stimulated wells/mean of OD
unstimulated wells). Additionally, the pellet of splenic cells was
collected and suspended in Trizol solution for RNA extraction
to assess interleukin 2 (IL-2), IL-6, and interferon-gamma (IFN-
γ) production by the real-time polymerase chain reaction (RT-
PCR). RNA was extracted by the RNA Mini Kit (Bio&Sell,
Germany). The concentration of RNA was measured by the
Nanodrop system (Smart, Canada). Then, cDNAwas synthesized
by the Easy cDNA synthesis kit (Parstous, Iran, Cat A101161).
Briefly, the template RNA (1 ng−5 µg), buffer mix-2X (10 µl),
enzyme mix (2 µl), and DEPC water (up to 20 µl) were mixed in
an RNase- free tube. The above mixture was mixed by the quick
vortex, incubated 10 and 60min at 25 and 47 ◦C, respectively,
stopped the reaction by heating at 85 ◦C for 5min, and finally,
chilled at 4 ◦C. According to the manufacturer’s protocol, the
synthesized cDNA was used for the real-time RT-PCR by IQ
SYBRGreen Supermix (Bio-Rad, Cat.No.172-5270, United State)
at SYBR/FAM channel with a Rotor Gene-Q (Qiagen, German)
real-time PCR system. Real-time PCR reactions were set up at
95 ◦C for 3min, 40 cycles at 95 ◦C for 10 s, 59 ◦C for 20 s, and
72 ◦C for 20 s. The cycle threshold (Ct) of gene products was
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determined and set to the log-linear range of the amplification
curve and kept constant. The relative expression of cytokines was
calculated as the fold change (2−11Ct) with normalization to the
corresponding GAPDH values as the housekeeping gene used in
this study (25, 26).

RNA Extraction and CDNA Synthesis
The tracheal and cloacal swabs of vaccinated chicken in the
second animal experiment were collected 14 days after the second
vaccination and after challenge with live virus in RNX-Plus
solution (Sinaclon Iran). The RNA was extracted by the RNA
Mini Kit (Bio & Sell, Germany). Briefly, the swab samples were
lysed by 400 µl of the lysis solution (in the RNA Mini kit),
clarified on Spin Filter E, and centrifuged at 10,000 ×g for two
min. The sample was bound on Spin Filter S and washed by
the washing solution. Finally, the column was dried, and RNA
was eluted in RNase-free water. According to the manufacturer’s
protocol, the cDNA was synthesized using SCRIPTUM first-
strand cDNA synthesis for efficient reverse transcription (Bio &
Sell, Germany). The concentration of RNA was measured by the
Nanodrop system (Smart, Canada). The specific primer for the
HA gene (H9) was used according to Ong et al. (27). Briefly, 50
pg of total RNA, 20 pg of the forward specific primer for the H9
gene (5‘-CTACTGTTGGGAGGAAGAGAATGGT-3‘), and 20µl
RNase free water were mixed, followed by adding dNTP Mix
(5mM, 1 µl), RT buffer (1X, 4 µl), DTT stock (5mM, 1 µl), and
SCRIPTUM first reverse transcriptase (100 units) and incubating
them at 50◦C for 30–60min. The cDNA could now be applied as
a template in PCR or stored at−20◦C (28). The concentration of
cDNA was measured by the Nanodrop system (Smart, Canada).

Conventional RT-PCR and Real-Time
Reverse Transcription (RT)-PCR for the H9
Gene
The extracted RNA was reverse transcribed and amplified for
conventional RT-PCR using the H9 gene-specific primer pair
(F: 5‘-CTACTGTTGGGAGGAAGAGAATGGT-3‘ and R: 5‘-
TGGGCGTCTTGAATAGGGTAA-3‘) and AccuPower one-step
RT-PCR kit (Bioneer, Daejeon, Korea) (27). Then, the HA gene
was deposited with accession number FJ794817, and the PCR
products for positive samples were detected as a band with 256 bp
in size by agarose gel (1.2%) electrophoresis. The extracted RNA
of the LPAIV-H9N2 isolate H9N2/A/chicken/IRN/Ghazvin/2001
(FJ794817) at a viral load of 10 8.5 EID50/ml was used to compare
the limit of detection by real-time RT-qPCR and conventional
RT-PCR. The conventional RT-PCR and real-time RT-qPCR
results for qualification of the H9 gene were compared using
the serial dilutions of cDNA (with H9 specific primers), and
cDNA concentration was measured by the Nanodrop system
(Smart Nano, Canada) (28, 29). Moreover, according to the
manufacturer’s protocol, the cDNA of all samples for virus gene
(H9) quantitation was amplified using QPCR Mix EvaGreen kit
(Bio & Sell, Germany). The reaction mixture contained 100 nM
of each specific primer pair for the H9 gene, which was used
for conventional PCR, and for RT-QPCR we used 5×QPCR mix
EvaGreen (4 µl), cDNA as a template (5 µl) and up to 20 µl

water (30). The reaction was performed at the initial incubation
temperature (94◦C) for 3min, and then 40 three-step cycles (30 s
at 94◦C for denaturation, 30 s at 58◦C for annealing, and 30 s at
72◦C for elongation) by the Rotor-Gene Q (QIAGEN) system.

Statistical Analysis
All statistical analyses were conducted by one-way ANOVA and
Duncan’s multiple range test. The comparisons of means for
the antibody titration and SI in the first chicken experiment
with sample size: 42 chickens, and the comparisons of means
for the antibody titration, SI and cytokines values in the second
chicken experiment with sample size: 200 and 21 broiler chickens,
were done using SPSS, version 16. All values were expressed as
the mean ± standard deviation, and a p≤0.05 was considered
statistically significant.

RESULTS

The virus titer was 108.5 EID50/ml, and the HA assay for
irradiated and non-irradiated avian influenza A subtype H9N2
virus samples was 10 Log2, suggesting that irradiation does
not lead to a decrease in the HA antigen. The D10 value
and inactivation dose of γ-radiation were 3.4 and 30 kGy,
respectively. The safety test was performed for irradiated LPAIV-
H9N2 (at 30 kGy) on SPF eggs by four blind cultures and
represented no virus multiplication at 30 kGy (19, 29). Also, the
SDS-PAGE electrophoresis showed no change in the viral protein
bands (HA and NP proteins) in irradiated and non-irradiated
viral samples (Figure 2).

The data in the first chicken experiment (Figure 3) showed
a significant increase in IVT.IN group for HI antibody titration
and the proliferation index of stimulated spleen lymphocytes
in IVT.IN and IVT.SC groups (p < 0.05). The first chicken
experiment showed the increasing of the HI antibody titration
and stimulation index of stimulated spleen lymphocytes 34 and
15%, in IVT.IN compered to IV.IN vaccine group, respectively.

The data in the second chicken experiment showed a
significant increase in HI antibody titration in all vaccinated
bird groups relative to the negative control (p<0.05), but the
most significant increase was observed in the IVT.IN vaccine and
the IV+ISA vaccine (SC) groups (p < 0.05). The comparison
of the antibody titration between two vaccination regimes
demonstrated more HI titers in the late-vaccinated groups
reaching up to 5.33 log2 in 2 weeks after the second vaccination.
However, these levels were not significantly different in other
groups (Figure 4).

The proliferation index of stimulated spleen lymphocytes was
significantly upregulated in all vaccinated chicken groups in
the second chicken experiment (p < 0.05). However, the most
upregulation was detected in the IVT.IN and the IV+ISA (p <

0.05) vaccines in the late vaccinated regime. Based on these data,
the cellular immunity induction in the irradiated vaccine groups
was more considerable compared to formalin-treated vaccine
groups (Figure 4). In addition, cytokines mRNA expression was
upregulated in all vaccinated groups, and T-helper type 1 (Th1)
cytokines such as IFN-γ and IL-2 were expressed more in the late
vaccinated chicken regime. In this study, IL-6 was upregulated in
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FIGURE 2 | The quality of viral protein by SDS-PAGE in irradiated (Lanes: 4, 5, 6) and non-irradiated (Lanes: 1, 2) LPAIV-H9N2 samples. Lane 3: protein markers (Cat

No: SM0431), HA, Hemagglutinin antigen; NP, Nucleoprotein.

all vaccinated chicken groups. However, upregulation was more
noticeable in the early vaccination than the late vaccination (p
< 0.05) (Figure 5). However, IL-6 was down-regulated in all
vaccinated chicken groups in early and late regimes before the
challenge with the live virus compared to these groups after
the challenge.

The Conventional and Real-Time RT-QPCR
Results for the H9 Gene
The extracted RNA of the Avian Influenza virus isolate
H9N2/A/chicken/IRN/Ghazvin/2001 (FJ794817) at a viral load
of 10 8.5 EID50/ml was used to compare the limit of detection
by real-time RT-qPCR and conventional RT-PCR (28). The
conventional RT-PCR and real-time RT-qPCR results for
qualification of the H9 gene were compared using the serial
dilutions of cDNA (with H9 specific primers), and cDNA
concentration was measured by the Nanodrop system (Smart
Nano, Canada) and it was from 9,681 −0.05 ng/µl for 100-10−5

dilutions. The detection limit for the H9 gene in the infected
allantoic fluid was determined as 1.5 and 127 ng/µl by real-time
RT-QPCR (A Ct value of about 27) and conventional RT-PCR
(Figure 6), respectively.

The monitoring of virus shedding for the H9 gene at 2, 4, and
10 days after the challenge revealed no viral load in the tracheal
samples (Table 2). The result of cloacal swab samples was the

same as that of the tracheal samples. The Ct value for all tracheal
and cloacal swab samples in groups 4–8 (early regime) and 11–
15 groups (late regime) was more than 27 and negative for virus
shedding after challenge. Virus shedding was not observed after
challenging the vaccinated chickens with the live virus in tracheal
and cloacal swab samples. It indicates that the immunization with
irradiated LPAIV-H9N2 and formalin LPAIV-H9N2 can induce a
protective response against the live homologous virus.

Viral Load on Lung Tissues and Loss of
Body Weight Post-Challenge
The HI antibody titer and SI of splenic lymphocyte proliferation
were significantly enhanced in vaccinated chicken groups,
especially in the late vaccinated IVT.IN group. To evaluate the
clinical protective effect of vaccines, the vaccinated chicken was
challenged by the intranasal route on day 14 after the second
immunization and monitored for 10 days for body weight loss.
According to Table 3, the percent of body weight gain in early
regime vaccinated groups during 1–30 days was more than
82% and in late regime vaccinated groups during 11–38 days
was more than 84%. As expected, all the chickens in positive
control groups (without vaccination) showed rapid body weight
loss 10 days after the challenge. The percent of body weight
gain in the positive control groups was nearly 89% before the
challenge (during 1–30 days and 11–38 days), and 10 days after

Frontiers in Veterinary Science | www.frontiersin.org 7 July 2022 | Volume 9 | Article 907369178

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Motamedi Sedeh et al. Improvement of Irradiated Avian Influenza Vaccine

FIGURE 3 | The first design for the chicken experiment, evaluation of HI antibody titration and Stimulation Index (SI) for Splenic Lymphocyte Proliferation Assay for

vaccinated chicken groups. N.C, negative control; IV, Irradiated Vaccine; IVT, Irradiated Vaccine + Trehalose; IN, Intranasal; SC, Subcutaneous; Adm, Administration.

***P ≤ 0.05.

the challenge, it decreased to 75%. This data on increasing body
weight showed the efficacy of vaccines (Table 3). The viral load
on lung tissues was assayed 5 days after the challenge. However,
body weight loss was not significant among the vaccinated
chicken groups (p>0.05). The viral load in lung tissues was
calculated by Reed and Munch’s method as TCID50/ml. The
viral load value in positive control groups was approximately
105 TCID50/ ml. This value was <10 0.5 TCID50/ ml in the
negative control groups (without vaccination and not challenged
with live homologous subtype virus) and all vaccinated
chicken groups.

DISCUSSION

LPAIV-H9N2 usually causes clinical diseases, including
generalized infections, upper respiratory disease, and decreased
egg production in the hosts, such as the layer chicken (31–33).
In addition, this virus causes specific viral diseases in many bird
species. It is also one of the instances of human health risks
because it can create disease by contact with infected poultry
or meats in humans. Hemagglutinin subtypes H5, H7, and H9
are the most important viruses that may infect humans (33).
H9N2 has widely circulated in the poultry population and caused
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FIGURE 4 | HI antibody titration and Stimulation Index for Splenic Lymphocyte Proliferation Assay for vaccinated chicken groups in the second animal experiment

(early regime vaccinated at days 1 and 15, Late regime vaccinated at days 11 and 25), the sampling was done on 30 and 38 days. N.C, negative control; IVT,

Irradiated Vaccine + Trehalose; FV, formalin Vaccine; IN, Intranasal; SC, Subcutaneous (***p ≤ 0.05).

economic losses (34, 35). This virus has low pathogenicity to
birds, but it is a severe threat to public health (36). Although
prevailing vaccines decrease the disease incidence in birds, they
cannot completely prevent the infection and shedding of the
LPAIV-H9N2 (14, 37).

H9N2 viruses do not induce viremia in infected poultry (38).
They suggested that simultaneous viral and bacterial infections
influenced more mortality and egg-laying reduction in the
respiratory outbreak. It is necessary to develop safe vaccines to
conserve against influenza viruses (38). The vaccination program

and biosecurity measures are two important tools for preventing
and controlling LPAIV-H9N2s in chickens. An experimental
formalin-inactivated oil-emulsion H9N2 LPAIV-H9N2 vaccine
was reported by Marandi and Fard (38). The prevention of
virus shedding through cloaca was employed as the potency
test, revealing that the protective doses of 50% (PD50) of 1,
1/10, and 1/50 of the field dose of the experimental LPAIV-
H9N2 vaccine (EAI) were 100, 100, and 96.25%, respectively. The
groups receiving <1/50 dose could not prevent virus shedding.
Accordingly, the EAI vaccine could even be entirely protective
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FIGURE 5 | The cytokine assay (A) IFN-γ, (B) IL-2, and (C) IL-6 (cytokines

mRNA transcription levels as fold change) in the vaccinated broiler chicken

groups in the second animal experiment). Two vaccination regimes were

(Continued)

FIGURE 5 | performed: the early regime was primed on day 1 and boosted on

day 15 (early regime) and sampling was done on 30 and 40 days. The late

regime was primed on day 11 and boosted on day 25 (late regime) and

sampling was done on 38 and 48 days. N.C, negative control; IVT, Irradiated

Vaccine + Trehalose; FV, formalin Vaccine; IN, Intranasal; SC, Subcutaneous

(***p ≤ 0.05).

and efficient in 1/10th dose, leading to a desirable immunity in
experimental SPF chickens (39).

Some toxic residues remain in the formalin-inactivated
vaccine, and some viruses may escape during chemical
inactivation. The typical chemical substances applied for
producing inactivated vaccines can cause a reduction in
immunogenicity and damage antigenic epitopes (40). γ-
Radiation is the perfect method for virus inactivation and the
use of ionizing radiation for pathogen inactivation has been
developed in the production of effective vaccines (41, 42).
γ-Radiation slightly preserves the antigenic construction and
can be used in a frozen condition that decreases free radical
damage due to water radiolysis (43, 44). Consequently, there
are two direct and indirect mechanisms for virus inactivation
by γ-irradiation. Direct virus inactivation by γ-irradiation is
mainly caused by radiolytic cleavage or cross-linking of genetic
materials. The indirect effects of the γ-irradiation stem from
the action of free radicals due to the radiolytic cleavage of
water. The principal mechanism of virus inactivation by γ-
irradiation is damaging viral nucleic acid replication via direct
and indirect effects (45, 46). One study about LPAIV-H9N2
reported that the virus titer gradually decreased after increasing
the dose of γ-radiation (20). The D10 value and optimum dose
of virus inactivation for LPAIV-H9N2 were calculated by a
dose/response curve of 3.36 and 30 kGy, respectively. In addition,
the HA antigenicity of γ-irradiated LPAIV-H9N2 subtype H9N2
samples from 0 to 30 kGy represented no change. The safety
test for γ-irradiated LPAIV-H9N2 via four blind cultures on
embryonated eggs showed complete inactivation with γ-ray
doses of 30 kGy without any multiplication on the embryonated
eggs (20).

Likewise, the γ-irradiation Influenza virus, γ-APC [A/Port
Chalmers/1/73(H3N2)], has major immunogenicity, and its
protection was 100%, indicating lower weight loss in mice
when compared with formalin- or UV-inactivated vaccines (47).
Based on their data, γ-ray inactivated virus-induced immunity
with high quantitatively and qualitatively to virus preparations
inactivated by formalin or UV-irradiation. They further reported
that γ-A/PC-vaccinated mice had reduced lung inflammation
and viral lung load (47).

This research focused on evaluating both immune responses
(humoral and cellular immunity) of the vaccinated broiler
chicken in two vaccination regimes (early and late). The HI
antibody titration and the proliferation of stimulated spleen
lymphocytes had the most upregulation in the IVT and
IV+ISA70 vaccine groups at the late vaccination regime 2
weeks after the second vaccination. The first chicken experiment
showed the increase of the HI antibody titration and stimulation
index of stimulated spleen lymphocytes in IVT.IN compared to
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FIGURE 6 | The result of conventional RT-PCR on agarose gel. Lanes 1, 11, and 12 are RT-PCR products of LPAIV-H9N2 via specific primer for H9 gene. Lanes 3

and 10 are DNA ladder (SM0313). Lane 2 is a negative control, lanes 4-9 are RT-QPCR products for H9N2 cDNA dilution (10−1-10−3) in duplication.

the IV.IN vaccine group. These findings suggest that the use of γ-
rays preferentially targets the viral genome and has little effect on
the functional properties of viral proteins and they could indicate
characteristics of Trehalose as a protein stabilizer and protein
denaturation inhibitor.

Furthermore, the obtained data revealed that cellular
immunity induction and cytokine mRNA expression were
upregulated more in the irradiated vaccine groups compared to
formalin-treated vaccine groups. IL-2 has been studied widely
as a vaccine adjuvant and immuno-enhancer because of its role
in activating T-cell proliferation (48). Chicken IFN-γ acts as a
cytokine with multiple functions and is primarily secreted by T
lymphocytes and NK cells. Further, it can modulate macrophage
activation in birds, inhibit viral replication, and develop the
Th1 response (49). Th1 cytokines such as IFN-γ and IL-2 were
expressed more in the vaccinated chicken groups at the late
vaccination age. IL-6 is a protein that is produced by various
cells. It helps regulate immune responses, making the IL-6 test
potentially useful as a marker of immune system activation.
Furthermore, IL-6 is mainly made by some T lymphocytes.
It causes B lymphocytes to produce more antibodies and causes
fever by affecting the areas of the brain that control body
temperature.Moreover, this protein is responsible for stimulating
acute phase protein synthesis and producing neutrophils in
the bone marrow. Moreover, it supports the growth of B
cells and is antagonistic to regulatory T cells (50–52). IL-6 is a
pleiotropic cytokine acting as a pro-inflammatory cytokine and

an anti-inflammatory myokine. In this study, upregulation of
IL-6 was more considerable in the early vaccination than in
the late regime. Also, IL-6 was down-regulated in all vaccinated
chicken groups in early and late regimes before the challenge
with the live virus compared to these groups after the challenge.
So, it indicates treatment with live LPAIV-H9N2 virus can
upregulate IL-6 more than treatment with inactivated LPAIV-
H9N2 virus. The lack of virus shedding in the immunized chicken
with irradiated LPAIV-H9N2 and formalin-treated LPAIV-H9N2
vaccines after the challenge indicated a protective response
against the live homologous virus. In addition, the viral load
of <100.5 TCID50/ml in the vaccinated chicken confirmed
the protective response for all vaccines in this study. Thus,
the IVT vaccine can be considered a good candidate for the
immunization of broiler chicken via the intranasal route at the
late regime. The adaptive immune defenses of newly hatched
chickens have limited capabilities to control the pathogens (53).
Eventually, Bochen reported that the lowest levels of immunity
basically occurred from days 6 to 13 in broiler chickens (54).
Accordingly, days 11 and 25 can be recommended as the
suitable ages of vaccination against LPAIV-H9N2 for inducing
the protective response.

One conclusion of this research is that the use of Trehalose
as a protein stabilizer during gamma irradiation can prevent
viral antigenic damage and is useful for the production of
inactivated vaccine with intact immunogenic characteristics.
Another conclusion is that two vaccination doses of irradiated
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TABLE 2 | The monitoring of virus shedding in vaccinated chickens in the second animal experiment at 2, 4, and 10 days after challenge with homologs subtype virus at

tracheal and cloacal swab samples.

No Vaccine groups Route- of Adm Regime of

Vaccination

Challenge-day Sampling days after challenge

2 4 10

Virus shedding CT (log10)

1 Pre-Immune - - - - - -

2 N.C (PBS) IN Early - UND UND UND

3 N.C (PBS) SC Early - UND UND UND

4 IVT IN Early 30 1.543 1.535 1.525

5 FV IN Early 30 1.559 1.577 1.485

6 IVT SC Early 30 1.532 1.600 1.518

7 FV+ISA SC Early 30 1.582 1.549 1.521

8 IV+ISA SC Early 30 1.546 1.575 1.527

9 N.C (PBS) IN Late - UND UND UND

10 N.C (PBS) SC Late - UND UND UND

11 IVT IN Late 38 1.488 1.487 1.534

12 FV IN Late 38 1.492 1.483 1.563

13 IVT SC Late 38 1.512 1.554 1.565

14 FV+ISA SC Late 38 1.483 1.544 1.549

15 IV+ISA SC Late 38 1.512 1.544 1.561

16 PC IN - 30 1.308 1.193 UT

17 PC IN - 38 1.269 1.209 UT

UND, Undetermined; UT, Un-tested.

TABLE 3 | The % increasing of body weight in early regime vaccinated groups during 1–30 days and in late regime vaccinated groups during 11–38 days.

No Vaccine groups Route- of Adm Regime of

Vaccination

Challenge-day % Increasing of

body weight

1–30 and 11–38

days

% Increasing of

body weight

1–40 and 11–48

days

1 Pre-Immune - - - - -

2 N.C (PBS) IN Early - 89.14 90.14

3 N.C (PBS) SC Early - 88.25 90.33

4 IVT IN Early 30 89.52 90.56

5 FV IN Early 30 87.26 88.76

6 IVT SC Early 30 88.41 89.38

7 FV+ISA SC Early 30 82.74 83.33

8 IV+ISA SC Early 30 84.55 85.11

9 N.C (PBS) IN Late - 90.52 90.52

10 N.C (PBS) SC Late - 88.75 90.35

11 IVT IN Late 38 89.58 91.03

12 FV IN Late 38 88.72 89.20

13 IVT SC Late 38 89.65 89.65

14 FV+ISA SC Late 38 84.20 84.96

15 IV+ISA SC Late 38 85.02 86.43

16 PC IN - 30 88.94 75.88

17 PC IN - 38 88.38 75.14
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LPAIV-H9N2 vaccine induce more immune responses than one
dose of vaccination. Also, the late vaccination regime induces
higher immune responses than the early regime. Finally, we can
suggest IVT.IN vaccine in the late regime as the suitable vaccine
and comfort to inoculation against IV subtype H9N2.
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